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ABSTRACT
Holloway, Carleen D ., M.S., Spring, 1980 Geology
Petrology o f  the Eocene Volcanic Sequence, Nez Perce and Blue Jo in t 
Creeks, Southern B i t te r ro o t  Mountains, Montana
D ire c to r:  Donald W. Hyndman f /
This study describes the petrography, whole-rock chemistry, and 
s tru c tu ra l re la t ionsh ips  o f a 48 km area o f coeval Eocene r h y o l i t i c  
vo lcanic rocks , e p ic la s t ic  deposits, and associated epizonal granites 
located in  the southern B i t te r ro o t  Mountains, Montana. The volcanic 
and e p ic la s t ic  rocks comprise a 600 m-thick sequence o f  lava flows, 
v itro ph y re s , ash-flow tu f f s ,  p o rp h y r it ic  dikes and plugs, a i r f a l l  t u f f ,  
and lahar deposits. Lava flows g rea tly  predominate over py roc las t ic  
and e p ic la s t ic  m a te r ia l.  The g ra n i t ic  rocks consist o f  coarse­
grained and p o rp h y r i t ic  phases o f a sha llow -leve l, zoned g ra n i t ic  pluton 
which extends beyond the boundaries o f the study area fo r  several 
k ilometers on a l l  sides. The extrus ive and in tru s ive  rocks are coeval, 
have a s im i la r  mineralogy, and show l in e a r  trends in major-element 
v a r ia t io n  diagrams; the two su ites are in terpreted as being comagmatic. 
Contact re la tionsh ips  show the g ra n i t ic  rocks to be in tru s ive  in to  the 
volcanic and e p ic la s t ic  rocks and the surrounding Precambrian qu a rtz ite  
country rocks. In trus ion  appears to have been accomplished by stoping 
large blocks o f the volcanic and q u a rtz ite  roof o f the p lu ton. The 
general c o n f ig u ra t io n ,  o f an epizonal g ra n i t ic  pluton fo rc ib ly  in ­
trud ing  i t s  coeval and comagmatic volcanic cover, has been in te rpre ted  
as a c h a ra c te r is t ic  feature o f caldera environments in  many areas. Two 
models may be proposed to in te rp re t  the volcano-plutonic assemblage 
w ith in  the study area in  terms o f such an environment. The f i r s t  
in te rp re ts  the volcanic rocks as a caldera-margin " fac ies" developed 
on the western boundary o f a large collapse s truc tu re  whose in t ra -  
caldera fac ies  is  represented by welded ash-flow tu f fs  and breccias 
east o f the study area. The second model in te rp re ts  the study area 
i t s e l f  as representing a small " trapdoor-s ty le "  caldera-collapse 
s tru c tu re  w ith in  the "caldera" o f the f i r s t  model.
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CHAPTER I 
INTRODUCTION
The ob jec tives  o f  th is  study were p r im a r i ly  to describe the 
petrography and f ie ld  re la t io n s  o f  a sequence o f  Eocene r h y o l i t i c  
volcanic rocks in the southern B i t te r ro o t  Mountains, Montana and to 
use th is  in form ation to reconstruct the vo lcanic h is to ry  o f  the area.
In a d d it io n ,  whole-rock chemical analyses and radiometric dates provide 
subs tan tia t ion  fo r  the spa tia l and temporal re la t ionsh ips  suggested by 
f i e ld  work and th in -s e c t io n  petrography. The in te n t o f  th is  report 
is  to  present the f i e ld ,  pétrographie, and chemical data, and to 
propose an o r ig in  fo r  the volcanic rocks in  terms o f  a possible caldera 
envi ronment.
The Eocene volcanic rocks o f  the study area comprise a 600 m-thick 
sequence o f  lava f low s, ash-flow t u f f s ,  a i r f a l l  t u f f s ,  v itrophyres , 
sha llow -leve l p o rp h y r i t ic  in t ru s iv e  rocks and associated e p ic la s t ic  
deposits. This assemblage o f  l i th o lo g ie s  is  here given the informal 
designation "Castle Rock vo lcan ics " , a f te r  a prominent landmark w ith in  
the study area. Other l i th o lo g ie s  present in the area include Pre­
cambrian "Y" group q u a r tz i te s ,  fo l ia te d  b io t i t e  granod iorite  o f  the 
Cretaceous Idaho b a th o l i th ,  epizonal g ra n i t ic  rocks o f  presumed 
Eocene age, and unconsolidated Quaternary deposits.
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Location o f  Study Area
The study area is  located in  the B i t te r ro o t  National Forest, 
approximately 135 km south o f  Missoula, Montana, and approximately 
70 km northwest o f  Salmon, Idaho (Figure 1). Nez Perce Pass l ie s  on 
i t s  western border. Access to the area's edge is  gained via the 
Nez Perce Fork-Magruder Corridor road (Forest Service route 468) and 
three o ther Forest Service roads. Four Forest Service-maintained 
pack t r a i l s  provide h ik ing  access from the roads. The area is  bounded 
on the west by the Montana-Idaho d iv ide  and an unnamed creek, on the 
north by the Nez Perce Fork o f  the B i t te r ro o t  R iver, on the south by 
Blue J o in t  Creek, and on the east by an a rb i t r a ry  northeast-trend ing
l in e  east o f  Bare Cone Mountain. These boundaries encompass some
2
48 km o f  rugged, mostly wooded te r ra in .
Previous Work
The Castle Rock volcanics have received only cursory examination 
in  previous reconnaissance geologic mapping o f  the area. The geologic 
map o f  Montana (Ross and o thers, 1955) shows only two small patches 
o f  T e r t ia ry  volcanic rocks s l ig h t l y  east o f  the study area, along w ith  
several d ikes , also o f  T e r t ia ry  age. The country rocks are shown as
in t ru s iv e  rocks o f  the Cretaceous Idaho b a th o l i th  and Precambrian
metasedimentary rocks. Berg and Goldberg (1973) published a pre lim inary  
geologic map having boundaries which are s u b s ta n t ia l ly  the same as those 
in  th is  repo r t .  They described the Castle Rock volcanics only as
NEZ PERCE FORK- 
MAGRUDER CORRIDOR RD. (US.F.S. ROUTE 4 6 6 )^
•MISSOULA 
DARBY
SALMON
P e n e ^  ^
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CONE PAINTE
4 6 “4 5 '
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PERCE—# -  \  A
l a k e V  rIl yCASTLE 
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C t j
THUNDER
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F ig u re  1. Location  o f  study a re a .
"T e r t ia ry  vo lcanic rocks". Many u n it  contacts on th e i r  map d i f f e r  
s u b s ta n t ia l ly  from those o f  the present study, re f le c t in g  in  part t h e i r  
d i f fe re n t  in te rp re ta t io n  o f  ce rta in  outcrops. Winegar (1974) shows 
many o f  the same contacts as Berg and Goldberg on his map fo r  the 
Forest Service B i t te r ro o t  I I  geologic survey. Williams (1977) described 
the T e r t ia ry  g ra n i t ic  rocks along the road on the northern boundary 
o f  the study area. Noting the complex f ie ld  re la tionsh ips  between 
coarse-grained and p o rp h y r i t ic  phases o f  the g ran ite ,  he suggested tha t 
these rocks may have been s itua ted  near a volcanic vent.
More-detailed mapping has been done in  co m po s it io n a lly -s im ila r  
volcanic rocks which crop out not fa r  from the study area, along the 
West Fork o f  the B i t te r ro o t  River near Painted Rocks Lake. Fisk (1969) 
described p o rp h y r i t ic  rh y o l i te  d ikes, obsidian or pitchstone flow s, 
t u f f ,  t u f f  b recc ia, laha rs , and a possible e x t in c t  fumaro le  in  the area 
around Painted Rocks Lake. Winegar (1973) ou tl ined  the geology o f  a 
la rg e r  area in reports fo r  the Forest Service, wherein he mentioned a 
range o f  vo lcan ic l i t h o lo g ie s ,  inc lud ing  ash, t u f f ,  agglomerate, 
r h y o l i te ,  lahars , obs id ian, v itrophyres , and in t ru s iv e  quartz l a t i t e .
Badley (1978) studied a series o f  rhyodacite to  andésite dikes on the 
East Fork o f  the B i t te r ro o t  R iver; she suggested th a t these may have 
formed as o u t l ie r s  o f  a magma source in  the v i c in i t y  o f  the West Fork.
In two reports  on the geology o f  southernmost Ravalli County, Montana, 
Berg (1973, 1977) described outcrops o f  welded t u f f ,  bedded t u f f ,  
and lava f lo w s , as well as dikes ranging in composition from rh y o l i te
to  basa lt.  Based on outcrop ch a ra c te r is t ic s  and s tru c tu ra l data, he 
in fe rre d  th a t  the volcanic rocks had been deposited on a topographic 
surface s im i la r  to th a t  o f  the present.
2
In a reconnaissance study covering some 7,600 km o f  the Selway- 
B i t te r ro o t  wilderness area to the north and west. Greenwood and 
Morrison (1973) mapped dikes and b a th o l i th -s ize d  bodies o f  pink 
T e r t ia ry  epizonal gran ite  and dikes o f  p o rp h y r i t ic  rh y o l i te ,  quartz 
l a t i t e ,  and d a c ite ; no extrus ive  vo lcanic rocks are noted from th is  
area. Recent mapping south o f  the study area (Lund and others,ms"i 
has l ikew ise  delineated no outcrops o f  volcanic rocks south o f  Blue 
J o in t  Creek. Dike rocks o f  s i l i c i c ,  in te rm edia te , and b a sa lt ic  com­
p o s it io n ,  are however, prevalent.
The Castle Rock volcanics thus appear to  be the westernmost o f  
several discontinuous outcrops o f  r h y o l i t i c  volcanic and hypabyssal 
rocks and re la ted  e p ic la s t ic  deposits, which extend from approximately 
the Montana-Idaho d iv ide  to at le a s t the East Fork o f  the B i t te r ro o t  
R iver, a distance o f  55 km. In te rp re ta t io n  o f  th is  d is t r ib u t io n  is  
hampered by the paucity o f  fo s s i l  o r rad iom etric  dates on the volcanic 
rocks. However, the ove ra ll u n ifo rm ity  o f  the l i th o lo g ie s  permits 
speculation th a t  these iso la te d  outcrops represent erosional remnants 
o f  a once-continuous volcanic f ie ld .
This Study
The present study was undertaken in  support o f  a U.S. Geological
Survey in ve s t ig a t io n  o f  the mineral resource po ten tia l o f  the Blue 
J o in t  wilderness study area (Figure 2). Financial a id and lo g is t ic a l  
support were provided by the U.S. Geological Survey. F ie ld  work was 
ca rr ied  out during the period June-September, 1979, w ith  mapping on a 
scale o f  1:24,000. The area o f  th is  study is  wholly contained on the 
U.S. Geological Survey Thunder Mtn. NW 7^' advance sheet.
Ten major bedrock l i th o lo g ie  un its  were mapped w ith in  the study 
area (Plate 1). A l l  o f  the un its  were o r ig in a l ly  delineated in  the 
f i e l d ,  on the basis o f  hand specimen and outcrop c h a ra c te r is t ic s .  In 
a few cases, la te r  th in -se c t io n  examination resulted in  the re ­
c la s s i f ic a t io n  o f  p a r t ic u la r  outcrops. Because o f  the abundant vege­
ta t iv e  cover, "b inocu la r geology" was la rg e ly  impossible, and very few 
u n it  contacts could be seen. Outcrops o f  most l i th o lo g ie  un its  are 
scarce, and s t ru c tu ra l data is  in many places un re liab le  or unobtainable. 
Many u n its  were mapped p r im a r i ly  on the basis o f  " ru b b le " -- lo o se , un­
consolidated material presumed to be lo c a l ly -d e r iv e d  on the basis o f  
l i t h o lo g ie  c o n t in u ity  or s i tu a t io n  on a topographic high. Because o f  
t h is ,  an outcrop-mapping approach was u t i l i z e d .  Sample loca tions  are 
shown on Plate 1. Several traverses were also made in  regions 
surrounding the study area; the geology along these traverses was mapped 
in  reconnaissance fashion and is  shown on Plate 2.
Age o f  the Castle Rock Volcanics
K/Ar age determinations on two samples o f  the Castle Rock volcanics-
y
PAINTED ROCKS 
PLUTON
VOLCANIC
ROCKS
□STUDYAREA
BLUE JOINT
WILDERNESS STUDY AREA
Figure 2. Location map showing Blue J o in t wilderness study area, 
area o f  th is  study, and approximate extent o f  Painted 
Rocks pluton.
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an a i r f a l l  t u f f  and an In tru s ive  p o rp h y r i t ic  rh y o l i te  p iug--are
c u r re n t ly  underway by Dr. Robert J, Fleck o f  the U.S. Geological
Survey. I n i t i a l  re su lts  are as fo llows (Robert Fleck, pers. comm., 
1980):
a i r f a l l  t u f f  (sample 70A*): b io t i t e ,  1st run: 46.8 m.y. 
rh y o l i te  plug (sample 176B): sanid ine, 1st run: 47.2 m.y.
san id ine, 2nd run: 45.4 m.y.
b io t i t e ,  1st run: 45.2 m.y.
These p re lim inary  dates document the eruption o f  the Castle Rock
volcanics during Middle Eocene time.
Regional Geology
The C h a ll is  Volcanics. On the basis o f  age, mineralogy, chemistry,
l i t h o lo g ie s ,  and p rox im ity , the Castle Rock volcanics are comparable to
rocks o f  the dominantly Middle Eocene C ha ll is  volcanic f i e ld  o f  centra l
Idaho. The C ha ll is  f i e ld  is  d iscontinuously exposed over an area o f  a t 
2
le a s t 1250 km (Figure 3). Present outcrops comprise only the erosional
remnant o f  a once fa r  la rg e r  f ie ld .  Maximum preserved thicknesses o f
the volcanics and re la ted  sedimentary rocks commonly reach several 
thousand meters (Ross and Forreste r, 1958; Cater and others, 1973; 
Armstrong, 1974).
♦F ie ld  numbers are preceeded by "79CH"
Figure 3. Regional geology. Cretaceous rocks o f  the Idaho 
b a th o li th  shown in c ry s ta l l in e  pa tte rn , T e r t ia ry  
plutons in s tipp led pa tte rn , and C ha ll is  Volcanics 
in ruled pattern. Volcanic rocks from th is  study 
shown in black.
Missoula
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The C ha ll is  Volcanics were o r ig in a l ly  defined by C.P. Ross 
(Ross, 1934; Ross, 1937; Ross, 1961). He applied the name to a th ick  
sequence o f  f low s, f low  breccia, t u f f s ,  and in te rca la ted  sedimentary 
rocks, which as a u n i t  represent the lower part o f the T e r t ia ry  deposits 
o f cen tra l Idaho. The volcanic rocks co n s t itu te  a c a lc -a lk a l in e  su ite  
which ranges in composition from r h y o l i t i c  to b a sa lt ic .  S i l i c i c  to 
in term ediate rocks were said to predominate. S p e c if ic a l ly  excluded 
from the u n i t  were basalts o f  the Snake River Plain and Columbia River 
Plateau. Subsequent mapping has shown th a t r h y o l i t i c  p y roc las t ic  
rocks, p r in c ip a l ly  welded and unv;elded ash-flow t u f f s ,  comprise s ig ­
n i f ic a n t  percentages o f  the C ha ll is  succession in  many areas (Cater 
and o thers , 1973). Latera l facies va r ia t ions  w ith in  the volcanics are 
marked, hampering long-range c o rre la t io n  o f sections (Ross and 
Forres te r, 1958). The C ha ll is  Volcanics probably erupted from several 
major centers, only one o f  which, the Thunder Mountain cauldron, has 
thus fa r  been described in  d e ta i l  (B.F. Leonard, jn^ Cater and o thers, 
1973). Figure 3 shows the d is t r ib u t io n  o f  the C ha ll is  Volcanics in  
re la t io n  to  the area o f  the present study.
On the basis o f pa léontologie data, the C ha llis  Volcanics were
o r ig in a l ly  regarded as possib ly or probably o f Oligocene age and not 
younger than ea r ly  Miocene (Ross, 1937, p. 65-68). However, more 
recent rad iom etric  age determ inations, summarized by Armstrong
(1974) f a l l  genera lly  w ith in  the in te rv a l o f  43.8 to 49.0 m.y. B.P.
(Middle Eocene). Armstrong (1974) has also summarized the ava ilab le
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rad iom etr ic  dates on a series o f  Eocene g ra n i t ic  bodies, some o f 
b a th o l i th ic  s ize , which occur throughout centra l Idaho in areas under­
la in  by C h a ll is  volcanics. Ages on the in tru s ive  rocks f a l l  in  the 
general range o f  40.0 to  52.0 m.y. B .P ., in d ica t in g  a close temporal 
c o r re la t io n  between plutonism and C ha ll is  volcanism. F ie ld  re la t io n ­
ships fu r th e r  substantiate th is  c o r re la t io n :  in the Idaho P r im it ive  
area o f  cen tra l Idaho, the 42.7 m. y. Casto pluton intrudes an over- 
ly in g  section  o f  C ha ll is  Vol canics; the volcanics form a gently  un­
d u la t in g ,  subhorizontal roo f over the in trud ing  gran ite  (Cater and 
o thers, 1973). Ross and Forrester (1958, p. 27) noted th a t  the T e r t ia ry  
g ra n i t ic  rocks tend to occupy the cores o f  u p l i f t s  in  the C ha ll is  
Volcanics.
The Idaho B a th o l i th . The Idaho b a th o li th  is  one o f  the series o f  
major Mesozoic g ra n i t ic  plutons which forms the backbone o f  the 
American C o rd i l le ra .  The anomalous pos it ion  o f  th is  pluton east o f  the 
general b a th o l i th ic  trend , and i t s  d iv is io n  in to  two geographically- 
d is t in c t  p a r ts ,  renders i t  unique among C ord il le ran  b a th o li th s . The 
two parts o f  the body are separated by 1,500 m .y.-o ld high-grade 
metamorphic rocks o f  the Sâlmon River Arch (Armstrong, 1975). The 
names B i t te r ro o t  Lobe and A tlan ta  Lobe have been suggested fo r  the 
northern and southern parts o f  the b a th o l i th ,  respective ly  (Armstrong, 
1975). The study area is  located near the southeastern margin o f  the 
B i t te r ro o t  Lobe (Figure 3).
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The Idaho b a th o l i th  is  a composite body, consis ting  o f  numerous 
g ra n i t ic  to  g ra n o d io r i t ic  plutons (Hyndman and W illiam s, 1977;
W ill iam s, 1977; Mold, 1974). Evidence fo r  a mesozonal to  catazonal 
depth o f  emplacement (see Hyndman, 1972, 1978) fo r  most o f  these 
plutons inc ludes: a prevalent weak f o l ia t io n ,  reg ion a lly  concordant 
and gradational contacts w ith  the surrounding high-grade re g ion a lly  
metamorphosed sedimentary rocks, the subsol vus mineralogy o f  most 
p lu ton ic  rocks, the abundant migmatic tex tu res , and the absence o f  
g e n e t ic a l ly - re la te d  volcanic rocks. The bulk o f  the Idaho b a th o l i th  
was emplaced during Cretaceous t im e--the  A tlan ta  Lobe about 75 to  100 m.y. 
B.P. and the B i t te r ro o t  Lobe about 70 to 80 m.y. B.P. (Armstrong and 
o thers, 1977).
Approximately 20% o f  the B i t te r ro o t  Lobe consists o f  plutons which 
have compositions and textures s t r i k in g ly  d i f fe re n t  from those described 
above (Hyndman and W illiam s, 1977). These plutons comprise rocks o f  
g ra n i t ic  and a lk a l i - g r a n i t i c  compositions; they are t y p ic a l ly  p ink, 
coarse-grained, equ igranular, and c h a ra c te r is t ic a l ly  contain m ia ro l i t i c  
c a v i t ie s ,  in d ic a t in g  emplacement at shallow le ve ls .  These epizonal 
plutons in trude  rocks o f  the Cretaceous mesozonal-catazonal su ite . 
Scattered rad iom etric  dates on rocks o f  the epizonal su ite  from through­
out the B i t te r ro o t  Lobe f a l l  in the range 40 to 50 m.y. B.P. (middle 
T e r t ia r y ) .  In tru s io n  o f  th is  younger su ite  probably accounts fo r  the 
widespread re -s e t t in g  o f  K/Ar dates on the deep-level rocks (Armstrong, 
1975). Figure 4 shows W illiam s' (1977) te rnary p lo ts  contrasting
Q
Tertiary
suiteGR\GD
• •
Q
Cretaceous
suiteGR GD
• •
A
Figure 4. Ternary p lo ts  con trasting  visual modes from the Cretaceous and T e r t ia ry  su ites o f the 
B i t te r ro o t  Lobe o f  the Idaho b a th o l i th .  T e r t ia ry  samples from th is  study shown by 
crosses (modified from W illiam s, 1977).
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V isua l modes from the Cretaceous and T e r t ia ry  su ites o f  the B i t te r ro o t  
Lobe.
In terms o f  age, tex tu re , and mineralogy, the T e r t ia ry  plutons o f  
the B i t te r ro o t  Lobe co rre la te  w ith  the Eocene plutons o f  centra l Idaho 
described above. The la t t e r  are associated w ith  the southern, or 
A t la n ta , lobe o f  the Idaho b a th o l i th ,  where they in trude rocks o f  the 
Cretaceous su ite  as well as the C ha llis  Volcanics. The C ha ll is  Volcanics 
probably represent an extrusive phase o f  the T e r t ia ry  plutons o f  the 
A tlan ta  Lobe (Cater and others, 1973). The present study cons titu tes  
the f i r s t  de ta iled  examination o f  volcanic rocks believed to be the ex­
tru s ive  equivalents o f  one o f  the B i t te r ro o t  Lobe T e r t ia ry  plutons. The 
f u l l  areal extent o f  th is  epizonal pluton is  not ye t known. I t  underlies 
much o f  the region between the Se1way River and the West Fork o f  the 
B i t te r ro o t  River and extends fo r  an unknown distance to the south and 
west (Figure 2, 3). The pluton is  a composite g ra n i t ic  body comprising 
several sha llow -leve l p lu ton ic  and hypabyssal phases. The name 
"Painted Rocks p luton" has been proposed (Lund and o thers , ms; Mutschler 
and o thers , ms) fo r  the body as a whole.
Eocene te c ton ic  s e t t in g  o f  the P a c if ic  Northwest. C a lc-a lka line  
volcanism, w ith  subordinate re la ted  plutonism, v/as widespread in  the 
greater P a c if ic  Northwest during Eocene time. In add it ion  to  the C ha ll is  
f i e l d ,  o ther vo lcan ic centers ac t ive  during th is  period include the 
Absaroka vo lcan ic f i e ld  (Montana and Wyoming) the Lowland Creek f ie ld  
(southwestern Montana), and the Clarno f i e ld  (no rth -cen tra l Oregon) 
(Figure 5). The vo lcanic rocks in  a l l  fou r areas are dominantly
106"
49"
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<S"l o w l a n d  c r .
a b s a r o k a
C l a r n o
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Figure 5. Pel s ic  to  intermediate Eocene volcanic f ie ld s  o f  the P ac if ic  Northwest. Fields discussed 
in the te x t  are labeled (modified from Ross and others, 1955; Bond, 1978; and Stewart and 
Carlson, 1978). CT»
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in termediate in  composition (andésite to rhyodac ite ), but include 
associated more s i l i c i c  ash-flow tu f f s  (Lipman and others, 1972;
Snyder and o the rs , 1976; Chadwick, 1977; Prostka and others, 1977;
Siems and Jones, 1977). K2 0 / S i 2 0  ra t io s  in  these rocks tend to increase
to  the east (Lipman and others, 1972; Chadwick, 1977).
Volcanic rocks in  present-day is land arcs show s im i la r  overa ll 
intermediate ca lc -a lk a l in e  compositions. K2 O content in these rocks 
increases in land from the trench across the arc. These c h a ra c te r is t ic s ,  
coupled w ith  A twater's  (1970) p la te - te c to n ic  reconstructions, have led 
many researchers to postu la te a subduction-dominated tec ton ic  regime 
fo r  the P a c if ic  Northwest during Eocene time (Lipman and others, 1972; 
Snyder and o th e r,  1976). According to th is  model, volcanism occurred 
in response to  eastward-directed subduction o f  the Farallon p la te  
beneath the North American p la te . Arc volcanism began in  Canada about 
55 m.y. B.P. and migrated southward over the next several m i l l io n  years 
(Lipman and o the rs , 1972; Snyder and o thers , 1976; Prostka and o thers , 
1977; Armstrong, 1978). Volcanic a c t i v i t y  pers isted fo r  only about 
5 to 10 m.y. in  any given area.
In te rse c t io n  o f  the North American p la te  w ith  the East P a c if ic  r ise  
about 30 m.y. B.P. (Atwater, 1970) began the progressive destruction  o f  
the subduction system. Miocene and younger volcanic rocks in  the 
western United States occur as fundamentally b a sa lt ic  o r  biomodal basa lt-  
rh y o l i te  assemblages. They are presumably re la ted to an extensional 
te c to n ic  regime (Lipman and o the rs , 1972) which formed a f te r  the cessation 
o f  subduction.
CHAPTER I I  
DESCRIPTIONS OF MAP UNITS
The study area is  underlain by Precambrian q u a r tz i te ,  g ranodiorite  
o f  the Idaho b a th o l i th .  Eocene vo lcanic and e p ic la s t ic  rocks. Eocene 
epizonal coarse-grained and p o rp h y r i t ic  in t ru s iv e  rocks, and Quaternary 
sediments and ta lu s .  These rock un its  w i l l  be described in  order o f  
age, from o ldes t to  youngest.
Precambrian Q uartz ite--Yq
Within the study area, q u a r tz i te  crops out on ridgetops along and 
near the Montana-Idaho d iv id e , a t the mouth o f  the southwest boundary 
creek, and on Bare Cone Mountain.
Mineralogy. The u n it  includes rocks ranging from nearly pure 
orthoquarz ites  to meta-arkoses conta in ing several volume percent p lag io- 
clase and potassium fe ldspar. The ir co lo r  in  hand specimen is  generally 
pale greenish blue, and less commonly p ink , maroon, pale grey, wh ite , o r 
dark green. Accessory minerals id e n t i f ie d  in th in  section are zircon 
and magnetite, the l a t t e r  a l te r in g  to hematite. Muscovite is  the only 
d e f in i te  metamorphic mineral. The fe ldspars are ty p ic a l ly  a lte red  to a 
lo w -b iré fr in g e n t c lay. Undulatory e x t in c t io n  is  a nearly ubiquitous 
feature o f  a l l  three f e ls ic  m inerals.
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Textures. In th in  sec tion , grain boundaries range from polygonal 
in  rocks w ith  grains o f  f a i r l y  uniform s ize , to sutured in rocks where 
smaller gra ins are i n t e r s t i t i a l  to  la rg e r .  In both hand specimen and 
th in  sec t ion , most rocks d isp lay a pronounced f o l ia t io n ,  due p r im a r i ly  
to the p a re l la l is m  o f  muscovite flakes (Figure 6). In s trong ly  
fo l ia te d  samples, quartz grains are also s l ig h t ly  elongated and e x h ib i t  
a s l ig h t  p re fe rred  c rys ta l lo g ra p h ic  o r ie n ta t io n .  Heavy mineral bands 
are prominent in  some loca tions. Crossbeds are uncommonly preserved 
as primary sedimentary s truc tu res .
In te rp re ta t io n .  The q ua rtz ites  in  the study area cons titu te  only a 
small po rt ion  o f  a much la rg e r  sequence o f  q u a rtz -r ich  metasedimentary 
rocks which crops out throughout southwestern Montana and adjacent parts 
o f  Idaho (see Berg, 1977; Lund and o thers , ms; Mutschler and others, 
ms). Berg (1977) subdivided the qua rtz ites  east o f  the study area in to  
three groups on the basis o f  mineralogy and tex tu re . A l l  three groups 
are s im i la r  in  appearance and composition to  the Precambrian "Y" sed i­
mentary rocks o f  nearby east-cen tra l Idaho (Berg, 1977). In th is  re p o rt ,  
the q u a rtz ites  are considered to be Precambrian "Y" in age (800 m.y. 
to 1,600 m.y. B.P.; Cohee, 1974), w ithout assuming a d ire c t  c o rre la t io n  
to any p a r t ic u la r  u n it  outside the study area.
Granodiorite o f  the Idaho B a th o l i th - -K i
Two small patches o f  grey, fo l ia te d  b io t i t e  granod io rite  crop out 
on two ridges leading north o f f  Castle Rock Ridge. The outcrops are
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Figure 6. Photomicrograph o f  Yq q u a r tz i te ,  showing pronounced 
fo l ia t io n  o f  muscovite and f e ls ic  minerals. X polars
Figure 7a. Hand specimen photograph o f Ki g ranod io r ite , showing 
b io t i t e  f o l ia t io n .
Figure 7b. Photomicrograph o f  Ki g ranod io r ite , showing b io t i t e  
f o l ia t io n .
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e n t i r e ly  surrounded by coarse-grained eq igranular pink granites o f  the 
Tg u n it .  The granod io rite  is  m in e ra log ica lly  and te x tu ra l ly  s im i la r  to 
rocks o f  the Cretaceous Idaho b a th o l i th ,  which crops out approximately 
5 km to  the north. These features suggest th a t the g ranod io rite  out­
crops are ro o f  pendants o f  Idaho b a th o l i th  rock, caught up by the younger 
magma during i t s  ascent. Table 1 summarizes the mineralogy o f  th is  
u n it .
Textures. Grain boundaries o f  a l l  three fe ls ic  minerals are t y p i ­
c a l ly  sutured; although boundaries between two quartz grains or between 
two potassium fe ldspar grains may be polygonal. In places, patches o f 
la rge r qua rtz , p lag ioc lase , and potassium fe ldspar c rys ta ls  appear to 
" f lo a t "  in  a sea o f  smaller, anhedral grains cons is ting  mostly o f  quartz. 
Myrmekitic in tergrowths o f  quartz and p lagioclase form as small patches 
randomly scattered throughout the rock. The most s t r ik in g  te x tu ra l 
feature o f  the rock, in  both hand specimen and th in  sec t ion , is  a w e ll-  
developed b io t i t e  f o l ia t io n  (Figure 7). In places, quartz shows a weak 
c rys ta l lo g ra p h ic  o r ie n ta t io n  p a ra l le l  to  th is  f o l ia t io n .
In te rp re ta t io n . On the basis o f  th e i r  tex tu ra l and compositional 
c h a ra c te r is t ic s  these rocks are assigned to the Cretaceous Idaho 
b a th o l i th .  The two small outcrops are e n t i r e ly  surrounded by p ink, 
coarse-grained, equigranular g ran ite  o f  the epizonal T e r t ia ry  su ite .
They are the re fo re  in te rp re ted  as ro o f pendants o f  b a th o l i th  rock caught 
up by the younger gran ite  magma. The o p t ica l properties o f  the potassium 
fe ldspar in  the Ki rocks show i t  to  be sanidine ra the r than one o f  the
MINERAL/COLOR IN H .S . % OF ROCK GRAIN SIZE GRAIN SHAPE PROPERTIES ALTERATION TEXTURES/COMMENTS
P la g io c la s e
w h ite
74 to  
85
0 .2 - - 3  mm subhedral to  
euhedral la th s
Ang^— An^Q*
(o lig o c la s e )
s è r ic i t e  and 
c la y ,  gen. in  
fra c tu re s  w ith ­
in  in d iv id u a l  
c r y s ta ls .
U n d ulato ry  e x t in c t io n ;  c o n c e n tr ic ,  
normal z o n a tio n ; a l b i t e  tw in n in g  
w ith  s u b s id ia ry  p e r ic l ln e  tw in n in g .
Q uartz
g rey 23 to  
38
0 .1 — 1 mm anhedral anomalous 2V 
up^to 10 o r  
15°
Tendency f o r  g ra in  s iz e s  to  c lu s te r  
around 0.1  and 1 mm, producing a b i -  
modal d is t r ib u t io n .  P erva s ive  undu- 
lo s e  e x t in c t io n
Potassium  fe ld s p a r
p a le  b u f f  to  w h ite 15 to  
26
0 . 2 - - 0 . 5  nw, 
some p o i k i l i -  
t i c  megacrysts  
to  10 mm
anhedral
sa n id in e
2V^ = 30°  
sa n id in e
low b i r é f r i n ­
gent c la y
Rare Carlsbad tw in n in g ; P o ik i l l  t i c  
m egacrysts co n ta in  b i o t i t e ,  p la g io ­
c la s e  and q u a rtz  in c lu s io n s . Undu- 
lo se  e x t in c t io n .
1
B io t i t e
brown
9 to  
15
0 .1 - - 0 .4  mm euhedral re c ­
ta n g u la r  
f la k e s
p le o c h ro ic ,  
x '=  medium 
cinnamon b r . , 
z '=  s l ig h t ly  
redd ish  brown
g ra n u la r magne­
t i t e  and hema­
t i t e
fla k e s  a re  bent and cu rv e d , s tro n g ly  
f o l ia t e d .  Z irco n  in c lu s io n s  may 
c re a te  p le o c h ro ic  h a lo e s .
P rim ary accessory m in e ra ls : z irc o n , a p a t i te
*  C entered b is e c t r ix  method T ro g e r, 1958)
T ab le  1 . M in e ra lo g y  o f  th e  Ki u n i t .
POro
23
lower temperature polymorphs. Inversion o f  p lu ton ic  a lk a l i  fe ldspar 
to  i t s  high-temperature polymorph might have occurred as the grano­
d io r i t e  inc lus ions  were engulfed by the T e r t ia ry  magmas (Jack Wehrenberg, 
pers. comm., 1980; Deer and o thers , 1966, p. 289). A l te rn a t iv e ly ,  the 
mineral might be orthoclase w ith  an exceptiona lly  low sodium content 
(Deer and o the rs , 1966, p. 308). Undulatory e x t in c t io n  documents post­
c r y s ta l l iz a t io n  s t ra in  which might fu r th e r  a f fe c t  the op tica l properties 
o f  the mineral.
Massive Flow Unit--Tmf
Rocks o f  th is  u n it  are w h ite - to -1 i la c  b io t i te -q u a r tz -p la g io c la se -  
sanidine p o rp h y r i t ic  rh y o l i te s  (Figure 8a). The p r inc ipa l outcrops 
w ith in  the study area are on two ridges leading south o f f  Castle Rock 
Ridge; a small outcrop also occurs on lower Jack the Ripper Creek, and 
another on the r idge east o f  tha t creek. Additional outcrops o f  th is  
l i th o lo g y  are located immediately outside the southwest boundary o f  the 
study area. The u n it  is  in te rp re ted  as a lava flow. Table 2 summarizes 
the mineralogy o f  th is  u n it .
Groundmass and te x tu re s . Rocks o f  th is  u n it  have a f e ls i t e  ground- 
mass, cons is t ing  o f  a dense in tergrowth o f  quartz and a lk a l i  fe ldspar 
m ic ro l i te s  plus very f ine -g ra ined  disseminated opaques (Figure 8b). In 
some th in  sections the m ic ro l i te s  have a s p e ru l i t ic  arrangement. The 
f e ls i t e  in te rg row th  presumably represents d e v i t r i f i c a t io n  o f  an o r ig in a l 
glassy groundmass.
MINERAL/COLOR IN  H .S . % OF ROCK GRAIN SIZE GRAIN SHAPE PROPERTIES ALTERATION TEXTURES/COMMENTS
S an id in e
g la ss y
7 to  
15
0 .5 — 2 mm, 
r a r e ly  to  4 mm
s u b h e d ra l, 
rounded re c ­
ta n g u la r  to  
equant
C h a r a c te r is t ic  C arlsbad  tw in n in g .  
L arg er c r y s ta ls  have z o n a lly -a rra n g e d  
in c lu s io n s  o f  p la g io c la s e  and b i o t i t e .  
F ra c tu re d , w ith  u n d u la to ry  e x t in c t io n ,  
s l ig h t ly  to  e x tre m e ly  embayed.
P la g io c la s e
g la ss y
0 to  
10
0 . 2 5 - - 1 .2 5  mm, 
ave. 0 .7 5  mm
euhedral la th s A n i3 -A H 3 4 *
(o lig o c la s e  to  
andesine)
C o n cen tric  zo n a tio n  and a l b i t e  tw in ­
ning are  u b iq u ito u s ; le s s  common 
Carlsbad tw in n in g . C ry s ta ls  a re  
fra c tu re d  and have undulose e x t in c ­
t io n .  Form 1— 2mm d iam ete r g lom ero- 
c ry s ts .
Q uartz
g rey
6 to  
8
0 .2 5 — 1 .0  mm rounded and 
embayed, w ith  
hexagonal 
cross sec tio n s
anomalous 2V o f  
5 -1 0 °
S lig h t  u n d u la to ry  e x t in c t io n .  Com­
monly f ra c tu re d . Forms g lo m e ro crys ts , 
which r a r e ly  co n ta in  s a n id in e , but do 
not co n ta in  p la g io c la s e .
B io t i t e
b lack
4 to
5
0 .1 - - 0 . 5 mm, 
r a r e ly  to  1 .2 5
mm
lo n g , s len d er  
re c ta n g u la r  
la th s  o r hex­
agonal basal 
se ctio n s
p le o c h ro ic , w ith  
x '=  l ig h t  b lond- 
brown, z ’ = dark  
brown
m inute "beads" 
o f  m ag n etite  on 
rim s o f  f la k e s
Abundance o f  b io t i t e ,  and shape o f  
la th s  a re  c h a r a c te r is t ic  fe a tu re s  o f  
th is  u n i t .  Rare p le o c h ro ic  haloes  
surround z irc o n  in c lu s io n s  in  a few  
f la k e s .
P rim ary accessory m in e ra ls ; z irc o n , a p a t i t e ,  m a g n e tite , a l l a n i t e
*  Centered b is e c t r ix  method ( c . f .  T ro g e r, 1958)
T ab le  2 . M in e ra lo g y  o f  th e  Tmf u n i t . ro
-ph
%
Figure 8a. Hand specimen photograph o f  Tmf massive flow u n i t .  Dark 
spots are quartz phenocrysts, l i g h t  spots are sanidine 
phenocrysts.
Figure 8b. Photomicrograph o f  Tmf showing randomly-oriented pheno­
crysts  in a d e v i t r i f ie d  f e ls i t e  groundmass.
Figure 8c. Photomicrograph o f  Tmf showing p a ra lle l o r ie n ta t io n  o f 
phenocrysts and layered aspect to groundmass.
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Out o f  18 samples o f  th is  u n it  examined in th in  section, 7 are 
massive, 5 show o r ie n ta t io n  o f  phenocrysts (best developed in  b io t i t e ,  
but also present in  the smaller p lagioclase la th s ) ,  and 6 show both 
phenocryst o r ie n ta t io n  and a layered aspect to the groundmass (Figure 8c), 
The l a t t e r  is  usua lly  accentuated by a d i f fe re n t ia l  coarseness o f  the 
d e v i t r i f i c a t io n  m inerals. Thin, mm-scale f lu id a l  banding is  continuous 
on hand specimen scale. The u n it  normally crops out as p i le s  o f  blocky 
rubble, and the extent o f  laye r ing  on an outcrop scale cannot usually 
be determined. Where outcrops are good, the banding is  continuous fo r  
a t leas t several centimeters. In th in  section , the layering  is  in places 
h igh ly  contorted ; th is  is  in te rp re ted  as a primary flowage feature.
In most cases, the rock appears massive on both hand specimen and outcrop 
scale. In both massive and layered rocks, there is  a conspicuous absence 
o f  broken c ry s ta ls ,  recognizable pumice fragments, glass shards, and 
l i t h i c  in c lu s io n s . Granophyric intergrowths o f  sanidine and quartz are 
common, occurr ing  as phenocryst-sized c lo ts  or as broad rims on sanidine 
phenocrysts.
In te rp re ta t io n . The Tmf u n it  is  in te rp re ted  as a rh y o l i te  lava 
flow. The general absence o f  prominent layering  may a t te s t  to the 
r e la t iv e ly  low v is c o s i ty  o f  the u n it  (Williams and McBirney, 1979, 
p. 117-118). A lava flow  ra the r than ash flow o r ig in  is  s trong ly  in ­
dicated by the almost to ta l  absence o f  broken c rys ta ls  and accidental 
in c lu s io n s , and by the complete absence o f  glass shards, pumice, or
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e u ta x i t ic  s truc tu res  (see Ross and Smith, 1961), Although fra c tu r in g  
o f  quartz c ry s ta ls  is  commonly seen, th is  appears to  have occurred in 
place. F rac tu ring  may derive from the invers ion o f  high-temperature 
/3-quartz to  low-temperature a-quartz (B la t t  and o thers , 1972) and 
provides no in form ation on the mode o f  extrusion. The exce llen t pre­
servation  o f  p lag ioclase glomerocrysts and o f  granophyric overgrowths 
on sanid ine may also argue against an explosive o r ig in  fo r  the u n i t ;  
these s tru c tu re s  contain inherent inhomogeneities which would render 
them p a r t ic u la r ly  unstable during a v io le n t  eruption (Vance, 1969). 
B io t i t e  f lakes  in  welded tu f f s  are commonly bent and crumpled during 
compaction (W illiams and McBirney, 1979, p. 163), whereas those in  the 
Tmf u n it  are undeformed.
Outcrops o f  th is  u n it  are separated from one another by distances 
o f  up to  1.5 km and are found a t varying e levations (Plate 1). The 
re la t iv e  importance o f  o r ig in a l d is t r ib u t io n ,  erosion, and fa u l t in g  in 
c rea ting  the present outcrop pattern  is  unknown. Detailed s ta t is t ic a l  
measurement o f  phenocryst o r ie n ta t io n  in  o r iented th in  sections (e .g . .  
Smith and Rhodes, 1972) might provide in form ation on the source area 
fo r  the f lo w s ; such measurements are beyond the scope o f  the present 
examination.
Laminated Flow U n it—T l f
Outcrops o f  th is  u n it  are re s t r ic te d  to the western margin o f  the 
study area. In outcrop the rocks are t y p ic a l ly  dark maroon to purple
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and show an i r re g u la r  lam e lla r  co lo r  banding, which in  places is  h igh ly 
contorted . The rock d isplays a p la ty  f ra c tu re  which is  oriented 
p a ra l le l  to  the banding (Figure 9a). In add it ion  to the la ye r in g , 
a d is t in c t iv e  c h a ra c te r is t ic  o f  th is  u n it  is  the paucity o f  phenocrysts: 
on ly sca tte red , weathered fe ldspar c rys ta ls  are id e n t i f ia b le  in  hand 
specimen. The rocks are h igh ly  frac tu red  and coated w ith  manganese- 
oxide s ta in .  The u n it  is  in te rp re ted  as a lava flow. Table 3 summarizes 
the mineralogy o f  th is  u n it .
Groundmass and tex tu res . In th in  sec tion , i t  can be seen th a t  the 
prominent f lu id a l  banding o f  th is  u n it  re su lts  p r im a r i ly  from d i f fe re n t  
amounts and coarseness o f  the d e v i t r i f i c a t io n  and a lte ra t io n  products 
(c la ys , s i l i c a  m inera ls, a lk a l i  fe ldspa r, and disseminated opaques).
The groundmass in  sample 64A contains 0.1 mm-thick drawn-out voids(?) 
l in e d  w ith  varpor-phase c rys ta ls  o f  quartz ( inverted  from the o r ig in a l 
t r id y m ite — Ross and Smith, 1961) (Figure 9b). These p a ra l le l  the con­
to r te d  la ye r ing  in  the rock, and presumably occurred during v o la t i le  
loss and shearing o f  the n e a r ly - s o l id i f ie d  lava. The same mechanism 
may have caused the p la ty  fra c tu re  c h a ra c te r is t ic  o f the u n it  (Williams 
and McBirney, 1979, p. 118). In th in  sec tion , sample 67A shows a w e ll-  
developed t ra c h y t ic  tex tu re  produced by minute oriented plagioclase 
m ic ro l i te s  (Figure 9c). These diverge around the phenocrysts. Pheno­
c ry s t  o r ie n ta t io n  is  poorly developed in  sample 64A, perhaps due to 
turbulence in  the lava.
MINERAL/COLOR IN H .S . GRAIN SIZE GRAIN SHAPE COMPOSITION ALTERATION TEXTURES/COMMENTS
P la g io c la s e
b u ff
0 .7 5 — 2 mm, 
ave. 1 mm
euhedral la th s e x te n s iv e ly  a l ­
te re d  to 'C la y s  
and s e r ic i t e
F ra c tu re d ; many phenocrysts a re  s u f­
f i c i e n t l y  a l te r e d  to  be e n t i r e ly  r e ­
moved d urin g  th in  s e c tio n  m anu facture , 
le a v in g  o n ly  a re c ta n g u la r  vo id  o r  
s k e le ta l  network o f  s e r ic i t e  m ic ro - 
v e in le t s .
B io t i t e
d ark  brown
0 .2 5 — 0 .7 5  mm lo n g , s le n d e r  
o r s h o r t ,  s tu b ­
by euhedral 
la th s
p le o c h ro ic ,  
x '=  p a le  b lo n d- 
brown, z '=  dark  
brown
g ra n u la r  magne­
t i t e  on rim s
G e n e ra lly  shows strong  f lo w -a l ig n -  
ment.
P rim ary accessory m in e ra ls : z irc o n , a p a t i t e ,  m a g n e tite ; one apparen t am phibole en d -s e c tio n  seen in  th in  se c tio n
Tab le  3 . M inera lo gy o f  th e  T l f  u n i t .
ro
Figure 9a.
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Hand specimen photograph o f  T l f ,  laminated rh y o l i te  f low , 
showing p la ty  fra c tu re  oriented p a ra l le l to  co lor 
banding.
Figure 9b. Photomicrograph o f  T l f ,  showing flow  banding and drawn- 
out voids (?) l ined  w ith  vapor-phase m inerals.
Figure 9c. Photomicrograph fo T l f  showing tra c h y t ic  texture  pro­
duced by p a ra lle l o r ie n ta t io n  o f  p lagioclase m ic ro l i te s .  
X polars.
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In te rp re ta t io n .  As w ith  the massive flow u n i t ,  there is  no evidence 
in  these rocks o f  features in d ic a t iv e  o f  a p y roc las t ic  o r ig in .  The 
f lu id a l  banding is  continuous in both outcrop and th in  section. The 
t ra c h y t ic  te x tu re  o f  sample 67A is  p o s it ive  evidence o f  a lava flow 
o r ig in  (W illiam s and o thers , 1954). The tu rb u le n t nature o f  the ground­
mass in  sample 64A in  comparison to  the more regu lar lam ella r appearance 
in th in  sections from other samples, may ind ica te  th a t i t  l ie s  c loser 
to the source o f  the flow (Williams and McBirney, 1979, p. 117). The 
l im ite d  outcrop extent o f  th is  u n it  presumably re f le c ts  the higher 
v is c o s ity  and/or smaller volume o f  th is  flow in  comparison to  the 
massive f low  u n it .
Volcanic Rocks, Undivided—Tvc
D e scr ip t ion . This u n it  comprises a te x tu ra l ly  and compositional ly  
d iverse su ite  o f  r h y o l i t i c  ex trus ive  rocks which underlies most o f  the 
southern tw o - th ird s  o f  the study area (Plate 1). The u n i t  t y p ic a l ly  
does not form re s is ta n t  o r la te ra l ly -co n t in u o u s  outcrops, and was generally 
mapped from rubble.
Tvc rocks are apparently interbedded and p a r t ly  coeval w ith  those 
mapped as T l f ,  Tmf, and T t. They are also p a r t ly  younger, since the 
upper pa rt  o f  the u n it  ove r l ies  the e p ic la s t ic  conglomerates o f  the Ttc 
u n it .
These are massive to laminated, o f f -w h i te ,  grey, green, and purple 
r h y o l i t i c  vo lcan ic rocks. Phenocryst content ranges from less than 1% 
to 30% o f  the rock. Phenocryst species occur in w idely varying re la t iv e
^ ' " \ ^ A M P L E 53A 54A 55B 56A 61A 65A 68A 68B
F E A T U R E ^ ''^ ...^ ^ ^ v itro p h y re
(f lo w ? )
v itro p h y re
(flo w ? )
welded t u f f f l  ow welded t u f f banded o b s id ­
ian  f lo w
flo w
C ry s ta ls --w h o le  
o r broken (ab ­
b r e v ia t io n s ,  see 
below )
m a in ly  whole 
a l hb 
pi z r  
sa 
qz
whole 
a l pi 
bi ap 
qz z r  
sa
b re c c ia te d
al
bi
(1 )
bi z r  
qz ma 
pi 
sa
sp a rc e ly  
c ry s ta l 1 i ne 
sa
a lte r e d  p i?
whole
pi
bi
z r
whole 
pi ap 
ma z r  
sa
b i-» h e
whole 
pi a l 
sa z r  
b i- * h e  
ma—*he
Secondary
c r y s t a l l i z a t io n
e x te n s iv e ve ry  c lean abundant abundant e x te n s iv e ;  
much vapor 
phase; x a ls  
a lte r e d
e x te n s iv e ;  
much vapor 
phase; x a ls  
a lte r e d
e x te n s iv e  in  
groundmass
m odera te; b i~  
x a ls  much a l ­
te r e d ;  fe ld s  
le s s  so
G lass shards
- - - -
w ith in  pumice 
fragm ents ; 
none seen in  
groundmass
--
Pumice fragm ents
-- - -
compressed, 
randomly o r ­
ie n te d  l a p i l l i
- - — - -
Bent b i o t i t e  
f la k e s
no b io t i t e
* -
g e n e ra lly  not those in s id e  
pumice f r a g ­
ments may be 
p ro te c te d  
from crush in g
no b io t i t e
- - — - -
A x io l i t i c  te x tu r e
- - • • - - p o s s ib le p o s s ib le
CJ
ro
53A 54A 55B 56A 61A 65A 68A 68B
FEATURE v itro p h y re
(f lo w ? )
v itro p h y re
(f lo w ? )
welded t u f f flo w welded t u f f banded o b s id ­
ia n  f lo w
flo w
E u ta x it ic  s tru c ­
tu re  /  lam in ­
a t io n
massive p a r a l le l  
f r a c tu r e s —  
poss. te n s io n  
shears?
- - - -
c o n to rte d
la y e r in g
la y e re d  as ­
pect to  de­
v i t r i f i c a t i o n  
coarseness
la y e r e d - -  
d i f f .  xa l a -  
bundance and 
coarseness o f  
d e v i t r .
m ass ive, ex­
cep t f o r
vo id s  (2 )
P e r i l  t i c  cracks
- - p resen t remnant — - - ■"
M ic r o l i te s  o r  
t r ic h y te s
.. - - - - - - - - — p o s s ib le
t r ic h y te s
G lom erocrysts , 
granophyric  in ­
tergrow ths
glom erocrysts  
and grano­
p h y ric  in t e r ­
growths
a few glom­
e ro c ry s ts
a few glom­
e ro c ry s ts  
(1 )
— a few glom­
e ro c ry s ts abundant
g lom erocrysts
abundant
g lom erocrysts
------------------- i
M inera l a b b re v ia tio n s :
a l a l l a n i t e  
ap a p a t i te  
bi b io t i t e  
ca carbonate
ch c h lo r i t e  
hb hornblende  
he h em a tite  
ma m a g n etite
pi p la g io c la s e  
qz q u a rtz  
sa sa n id in e  
se s e r ic i t e
sp sphene 
z r  z irc o n
Table 4. Mineralogy and tex tu ra l features o f  the Tvc u n it .
CO
CO
'^ '" ^ \S A M P L E
F E A T U R E ^ \ ^ _ ^
71A 
f l  ow
73AI
v itro p h y re
(f lo w ? )
7 3 A II 
f l  ow
74A 79A 
f l  ow
83A 95A 109A
C ry s ta ls - -w h o le  
o r broken
m o stly  whole 
qz z r  
sa al 
pi ma 
b i hb
whole 
qz hb 
sa 
pi 
z r
m ostly  whole 
qz z r  
sa hb 
pi 
al
broken  
qz ma 
sa 
pi 
bi
whole 
qz sp 
sa hb 
pi ch 
ap
whole  
qz hb 
pi z r  
sa 
bi
who! e 
sa z r  
qz 
pi 
hb
whole
pi
bi
hb
ap
Secondary  
c r y s t a l ! i z a t io n
e x te n s iv e ;  
x a ls  a re  
fre s h
e x te n s iv e ;  
x a ls  a re  
fre s h
e x te n s iv e e x te n s iv e e x te n s iv e ;  
poss. vapor 
phase; x a ls  
a re  a lte r e d
e x te n s iv e ;  
f e l s i c  x a ls  
f r e s h ,  m afic  
a re  a l te r e d
e x te n s iv e ;  
f e l s i c  x a ls  
f r e s h ,  m a fic  
a re  a l te r e d
e x te n s iv e ;  
poss. vapor  
phase; x a ls  
a re  a l te r e d
G lass shards
-- - - • • - - - - - -
Pumice fragm ents
— -- - - - - - -
Bent b io t i t e  
f la k e s
• - no b io t i t e no b io t i t e
— • • - -
no b i o t i t e
- -
A x io l i t i c  te x tu r e
- - - - — — poss. seen in  h .s .
w
-p»
F E A T U R E ^ " " \ ^
71A
flo w
73AI
v itro p h y re
(f lo w ? )
7 3 A II
f lo w
74A 79A
flo w
83A 95A 109A
E u ta x it ic  s tru c ­
tu re  /  lam in ­
a tio n
massive m assive massive massive m assive massive massive la y e re d , shown 
by d i f f .  
coarseness o f  
d e v i t r .
P e r l i t i c  cracks
- - remnant remnant --- remnant -  - - -
M ic ro lite s  o r  
t r ic h y te s
fe ld s p a r
m ic ro lite s ?
--- tr ic h y te s ? --- - - t r ic h y te s ?
61om erocrysts , 
gran o ph yric  in -  
tergrow th s
a few glom­
ero c ry s ts
a few  glom­
e ro c ry s ts
a few glom­
e ro c ry s ts
--- — a few  glom­
e ro c ry s ts
a few glom­
e ro c ry s ts
—
Table 4. (co n t 'd ) .
CxJ
en
123A 141B 145A 1478 154 155A 1571 1 5 7 I I
F E A T U R E ^ '^ ^ v itro p h y re
( f lo w ) t u f f  b re c c ia flow ? welded t u f f welded t u f f f l  ow? flow ?
C r y s ta ls — whole 
o r broken
whole
pi
b i
in -p la c e  
b re c c ia t io n  
qz a l 
sa hb 
pi ap
whole  
qz z r  
fe ld s  
ap
b i-» s p  + ch
whole
bi
hb
ap
p l-» c a
broken  
qz ■ 
sa 
pi
whole?
sa
qz
bi
whole  
pi ap 
bi 
hb
ma—*he
whole  
pi ap 
bi 
hb
m a-* he
Secondary
c r y s t a l l i z a t i o n
e x te n s iv e ;
v a ry in g
coarseness
e x te n s iv e  in  
groundmass; 
f e l s i c  x a ls  
f re s h ;  m a fic  
a re  a l te r e d
e x te n s iv e ;  
f e ld s .  ve ry  
a lte r e d
e x te n s iv e e x te n s iv e e x te n s iv e ;  
x a ls  a re  
fre s h
m oderate; 
f e l s i c  x a ls  
v e ry  a l te r e d
m o d era te ; 
f e l s i c  x a ls  
v e ry  a l te r e d
G lass shards
- - - - o n ly  in  
pumice f r a g ­
ments
- - ghosts? see " a x i o l i ­
t i c  te x tu r e "
- - - -
Pumice fragm ents
p o s s ib le compressed, 
randomly o r ­
ie n te d  l a p i l ­
l i
p res en t - - —
Bent b io t i t e  
f la k e s
- - no b i o t i t e no b io t i t e - - no b io t i t e — - - - -
A x i o l i t i c  te x tu r e
- - - - p o s s ib le in  ghost 
shards
p o s s ib le -  - - -
CO<T>
^ \ S A M P L E 123A 141B
v itro p h y re
(f lo w ? )
145A 
t u f f  b re c c ia
147B
flow ?
154 
welded t u f f
155A 
welded t u f f
1571
flow ?
1 5 7 I I
flow ?
E u ta x it ic  s tru c ­
tu re  /  lam in ­
a t io n
la y e r in g ,  may 
d iv e rg e  a -  
round x a ls ,  
o r be c u t by 
them
massive m assive d is c o n tin u ­
ous e lo n g a te  
shapes— te n ­
sion  shears?  
(2 )
some la y e r in g  
to  s h a rd s (? ) ,  
but not con­
s is te n t
e u t a x i t ic d is c o n tin u ­
ous e lo n g a te  
shapes— te n ­
sio n  shears?  
(2 )
tu rb u le n t  
la y e r in g ;  
d i f f .  c o a rs e ­
ness o f  
d e v i t r .
P e r i l t i c  cracks
- - remnant — p resen t
(p o s t-w e ld ­
in g ? )
- - — —
M ic r o l i te s  o r  
t r ic h y te s
- - — - - - - — tr ic h y te s ?
G lo m ero crysts , 
gran o ph yric  i n -  
tergrow th s
a couple  
sm all glom­
e ro c ry s ts
p o s s ib le ;  
too a lte r e d  
to  be sure
-  - - - — — - -
Table 4. (co n t 'd ) .
w
158A 164A 
t u f f  b re c c ia
174A
flo w
235BI
flo w
2 3 6 A II 
f l  ow
2368
flo w
239A 257A
C r y s ta ls — whole  
o r broken
whole
pi z r
bi
hb
ap
whole
pi
bi
ap
whole 
qz z r  
fe ld s  al 
b i- * h e  
ap
whole
qz
pi
sa
hb
whole
bi
ap
fe ld s —»ca+se
whole
pi a l
bi
hb
z r
b re c c ia te d  
in -p la c e  
pi ap 
hb 
bi
b re c c ia te d  
in -p la c e ?  
pi hb 
qz a l 
sa z r  
hi
Secondary
c r y s t a l l i z a t i o n
moderate to  
extrem e in  
groundmass; 
f e l s i c  x a ls  
ve ry  a l te r e d
moderate
e x te n s iv e ;  
fe ld s  a re  
ve ry  a l te r e d
moderate m oderate; 
fe ld s  are  
ve ry  a lte r e d
m oderate to  
extrem e in  
groundmass;' 
m afic  x a ls  
v e ry  a l te r e d
moderate in  
groundmass; 
pi and hb a re  
a lte r e d
e x te n s iv e ;  
abundant v a ­
por phase
G lass shards
- - p re s e n t;  
ve ry  l i t t l e  
compression
- - "" - - - - --
Pumice fragm ents
— cannot d is ­
t in g u is h  in ­
d iv id u a l l a ­
p i l l i
-- — — - -
Bent b io t i t e  
f la k e s
— p o s s ib le - - no b io t i t e - - • • —
A x io l i t i c  te x tu r e
— - - - - -  - - • - - — p res en t?
u>
CO
SAMPLE 158A 164A 174A 235BI 23 6A II 236B 239A 257A
F E A T U R E ' ^ \ ^ t u f f  b rec c ia flo w flo w f l  ow f l  ow
E u ta x it ic  s tru c ­
tu re  /  lam in ­
a t io n
tu rb u le n t
la y e r in g massive massive
t r a c h y t ic
la y e r in g ;
t r a c h y t ic
la y e r in g ;
draw n-out
am ygdules?(3)
t r a c h y t ic
la y e r in g ;
draw n-out
am ygdules?(3)
- - - -
P e r l i t i c  cracks
• • - - remnant - - - - — - -
M ic ro ! ite s  o r  
t r ic h y te s
- - — --- m ic r o li te s m ic r o l i te s t r ic h y te s m ic r o l i te s - -
G lom erocrysts , 
gran o ph yric  1n- 
te rg row th s
a couple  
glom erocrysts
a couple  
glom erocrysts
p o s s ib le ;  
to  a lte r e d  
to  be sure
- - - - - - a few  glom­
e ro c ry s ts
a few glom­
e ro c ry s ts
Table 4. (co n t 'd ) .
Oü
VO
^ ^ . ^ S A M P L E
F E A T U R E '\^ ,^ ^ ^
262A 263BI
flow ?
2 6 3 B II 267A 301 303A
v itro p h y re
(f lo w ? )
303B
t u f f  o r  
t u f f  b re c c ia
C r y s ta ls — whole  
o r broken
whole
“  »
b i —*he
whole 
pi b i 
sa z r  
qz
ap
whole  
qz z r  
sa 
pi 
hb
whole 
pi z r  
sa ap 
qz 
hb
whole
qz
sa
pi
z r
whole 
qz a l 
sa 
pi 
hb
broken and 
whole  
pi z r  
qz ap 
sa a l 
hb
Secondary
c r y s t a l l i z a t i o n
patchy
th ro u g h o u t
groundmass
e x te n s iv e ;  
x a ls  a re  
u n a lte re d
e x te n s iv e e x te n s iv e ,  
w ith  no r e ­
la t io n s h ip  
to  la y e r in g
e x te n s iv e ;  
f e l s i c  x a ls  
a re  fre s h
v e ry  c le an m odera te; 
shards s t i l l  
v i s ib le
G lass shards
- - - - - - • - p re s e n t
Pumice fragm ents
- - w ispy la m in -  
ae --co m - 
pressed l a ­
p i l l i ?
p re s e n t
Bent b i o t i t e  
f la k e s
no b i o t i t e no b i o t i t e no b i o t i t e no b io t i t e no b i o t i t e no b i o t i t e
A x io l i t i c  te x tu r e
• • — - - - - p re s e n t
SAMPLE 262A . 263BI 
f l  ow?
2 6 2 B II 267A 301 303A
v itro p h y re
(f lo w ? )
303B
t u f f  o r  
t u f f  b re c c ia
E u ta x it ic  s tru c ­
tu re  /  lam in ­
a tio n
la y e r in g ,  
d i f f .  d e v i t r .  
coarseness  
c o lo r  la y e re d  
in  h .s .
f a i n t  e lo n ­
g a tio n  o f  
p o s s ib le  
ainygdules
massive t h in ,  dark  
la y e rs  w ith  
no r e la t io n ­
sh ip  to  d e v itr .
massive f a i n t  t r i -  
ch yte  la y ­
e r in g
massive
P e r l i t i c  cracks
— - - - - - - p resen t - -
M ic r o l i te s  o r  
t r ic h y te s
- - — — tr ic h y te s ? - - f a i n t  t r i -  
c h y t ic  la y ­
e r in g —
G lom erocrysts , 
gran o ph yric  in ­
te rgrow th s
— p o s s ib le — p o s s ib le a few —
(1 )  C ry s ta ls  enclosed in  pumice l a p i l l i  m ight be p ro te c te d  from fra g m en ta tio n  d urin g  e x p lo s iv e  e ru p tio n .
(2 )  E longate v o id s , f i l l e d  w ith  vapor-phase m in e ra ls  and o r ie n te d  p a r a l le l  to  o r  a t  a s l ig h t  an g le  to  la y e r in g  may be 
te n s io n  shears produced d urin g  la m in a r flo w  (W illia m s  and o th e rs , 1954 , p . 122)
(3 )  E longate  v o id s , rimmed w ith  q u a rtz  o r  t r id y m ite — p o s s ib le  amygdules?
Table 4. (co n t 'd ) .
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p ropo rt ions ; in  ove ra ll order o f  abundance these are: Quartz = sanidine > 
p lag ioc lase > b io t i t e  > hornblende = a l la n i te  = primary magnetite > 
z ircon > a p a t ite  > sphene. A l te ra t io n  minerals include c h lo r i te ,  
hematite, carbonate, s e r ic i t e ,  and magnetite.
Possible former hot springs a c t i v i t y  o f  l im ite d  extent is  recorded 
by the presence o f  abundant b o try o id a l,  cha lcedony-f i l led  globules at 
two lo c a l i t ie s .  These outcrops o f  h igh ly  s i l i c i f i e d  Tvc rocks form 
re s is ta n t  knobs on the top o f  present-day ridges. The deposits probably 
formed la te  in  the volcanic h is to ry  o f  the area.
Table 4 summarizes the te x tu ra l and m ineralogical features o f  39 
samples from the Tvc u n it .  Because o f  t h e i r  wide range in textures 
and phenocryst mineralogy, the rocks grouped w ith in  th is  un it  probably 
represent a sequence o f  several lava flows and welded ash-flow tu f fs .  
These rocks could not be separated in the f ie ld  due to l im ite d  outcrop 
exposures. Maximum preserved thickness o f  the u n it  as a whole is  approxi 
mately 550 m.
In te rp re ta t io n .  Features used in  Table 4 to assign an ash-flow 
o r ig in  to  a p a r t ic u la r  sample were:
(1) glass shards, produced by the explosive d is in te g ra t io n  
o f  c h i l le d  fro th y  magma. (1 )*
*Number in  parentheses fo l low ing  feature re fe rs  to references:
(1) Ross and Smith, 1961
(2) Donald Peterson, pers. comm., 1979
(3) W illiams and McBirney, 1979
(4) Williams and others, 1954
(5) Vance, 1969
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(2) pumice fragments, which are present in almost a l l  
ash-flow tu f f s .  (1)
(3) e u ta x i t ic  s tru c tu re ,  due mainly to f la t te n in g  o f  pumice 
fragments during compaction o f  the t u f f s .  The re s u lt  is  a 
d iscontinuous, streaky fo l ia t io n  in both hand specimen and 
th in  section. (1)
(4) broken phenocrysts, produced by explosive eruption. (2)
Ross and Smith (1961) do not consider th is  feature to be 
e sp e c ia l ly  d iagnostic o f  a p y roc las t ic  o r ig in .
(5) bent b io t i t e  flakes re s u lt in g  from d i f fe re n t ia l  compaction.
(3) This feature might only be apparent in densely welded 
t u f f s  having a high percentage o f  o ther phenocrysts between 
which the b io t i t e  flakes might be trapped.
(6) a x i o l i t i c  te x tu re ,  a d e v i t r i f i c a t io n  tex tu re  consisting o f 
f ib e rs  o f  a lk a l i  fe ldspar and a s i l i c a  mineral (genera lly 
t r id y m ite )  which grow normal to p a r t ic le  walls  (genera lly  
a glass shard or pumice fragment) and radiate  inward. (1)
Features used in Table 4 to assign a lava flow o r ig in  to  a p a r t ic u la r  
sample were:
(1) presence o f  m ic ro l i te s  (minute, b iré fr in g e n t  c rys ta ls )  
o r t r ic h y te s  (curved, h a i r l ik e ,  non-b iré fr in g e n t 
c r y s ta l l i t e s ) .  (4)
(2) glomerocrysts, which might be expected to not survive 
an explosive eruption. (5)
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(3) p e r l i t i c  cracks formed from glassy magmas which absorbed 
a few percent water while coo ling . (4)
(4) tu rb u le n t o r  la te ra l ly -co n t in u o u s  f lu id a l  lam ination.
(1 ,3 .4 )
P a ra l le l ism  o f  tabu la r phenocrysts may be produced by laminar flow 
in  e i th e r  lavas o r  ash flows, o r by compression in  welded ash-flow 
t u f f s ;  i t s  occurrence was not therefore  considered diagnostic o f  e i th e r  
mode o f  o r ig in .  Likewise, s p h e ru l i t ic  s tructures developed during 
d e v i t r i f i c a t io n  o f  welded tu f fs  are in  no way d i f fe re n t  from those 
formed in  lava flows (Ross and Smith, 1961). Lithophysae ( large 
ves icu la r  c a v i t ie s  produced by the escape o f  v o la t i le s  during d e v i t r i ­
f ic a t io n )  seem to  be much less common in welded tu f fs  than in  lava 
flows (Ross and Smith, 1961) but have e s s e n t ia l ly  the same ch a ra c te r is t ics  
in  both. Foreign c rys ta ls  or rock fragments derived from vent walls 
o r picked up from the surface may be incorporated in to  both ash flows 
and lava f low s ; they are not necessarily  d iagnostic o f  e i th e r .  "Secondary 
c r y s ta l l i z a t io n "  as used in  Table 4 re fe rs  to both d e v i t r i f i c a t io n ,  the 
f ine -g ra in e d  in tergrow th o f  a lk a l i  fe ldspar and s i l i c a  minerals produced 
by the breakdown o f  fe ls ic  glasses, and to vapor-phase c r y s ta l l iz a t io n ,  
the growth o f  c ry s ta ls  from a vapor phase, in pore spaces. D e v i t r i f ic a ­
t io n  and vapor phase c ry s ta l l iz a t io n  may occur in  both r h y o l i t i c  lava 
flows and welded ash-flow tu f fs .
On the basis o f  these c r i t e r ia ,  19 o f  the th in  sections described 
in  Table 4 are in te rp re ted  as representing lava flows, and 7 are in te r ­
preted as representing welded ash-flow tu f f s  or t u f f  breccias (Figure 10).
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.5 mm
Figure 10a.
Figure 10b. 
Figure 11.
Lava f low-rock from Tvc u n it .  Photomicrograph showing 
tu rbu len t f low - la ye r in g . Phenocrysts are a ltered plag­
ioclase and oxidized b io t i t e .
Ash-flow t u f f  from Tvc u n it .  Photomicrograph showing 
s l ig h t l y  d is to rted  c ir c u la r  glass shards.
Hand specimen photograph o f Tt a i r f a l l  t u f f .  Large 
sample contains dark fragments o f charcoal; small sam­
ple shows f in e  scale lamination.
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Of the remaining 12 s l id e s ,  11 lacked the d iagnostic features given 
above (due e i th e r  to secondary c r y s ta l l iz a t io n  or to non-occurrence) 
and 2 showed co n trad ic to ry  evidence o f  o r ig in .  Most ash-flow tu f f s  
are re a d i ly  recognizable by means o f  th in -se c t io n  s tud ies, as th e i r  
d is t in c t iv e  p y ro c la s t ic  c h a ra c te r is t ic s  are ra re ly  completely obscured 
by d e v i t r i f i c a t io n  or o ther la te -s tage  a l te ra t io n  (Ross and Smith, 1961). 
On the o the r hand, glassy rh y o l i te  flow-rocks can be e s se n t ia l ly  
fe a tu re le ss , cons is t ing  o f  phenocrysts set in a glassy or f e l s i t i c  ground­
mass which may or may not show f lu id a l  banding. On the basis o f  
adm itted ly  negative evidence, th a t is  the absence o f  p y roc las t ic  fe a tu res , 
i t  is  the re fo re  tempting to propose a lava flow o r ig in  f o r  the 11 samples 
which lack d iagnostic  features in  th in  section.
Regardless o f  whether these samples are included, there appears 
to  be a predominance o f  flow rocks over welded ash-flow tu f f s  or t u f f  
breccias w ith in  the 39 rocks described in Table 4. Sampling o f  the Tvc 
u n it  in  the f i e ld  was not ca rr ied  out according to any s t a t i s t i c a l l y  
random design. Nevertheless, as Plate 1 shows, samples were co llec ted  
from throughout the u n it ,  a t a wide range o f  e levations. The su ite  o f  
samples examined in  th in  section may therefore be taken as broadly 
representative  o f  the u n i t  as a whole.
The Tmf and T l f  un its  described above are also in te rp re ted  as lava 
flows. The p a r t ic u la r  volcanic environment encompassed by the study
3
area must be one which allowed the formation o f  over 13.2 km o f 
r h y o l i t i c  lava flows apparently conta in ing only minor amounts o f  in t e r ­
bedded p y ro c la s t ic  m ateria l.
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A i r f a l l  T u f f - -T t
Only one outcrop o f  d e f in i te  a i r f a l l  material was mapped w ith in  
the study area. I t  consists o f  approximately seven v e r t ic a l meters o f 
very th in ly - la m in a te d  white c r y s t a l - v i t r i c  t u f f .  The iso la ted  exposure 
could not be traced la te r a l l y  fo r  more than approximately e igh t meters 
due to  th ic k  s o i l  and vegetative cover. The l i th o lo g y  is  s ig n i f ic a n t  
because o f  i t s  use fo r  K/Ar age determination (Chapter I ) ,  and w i l l  
the re fo re  be described in d e ta i l .
Mineralogy. Phenocryst minerals are quartz , sanidine, b io t i t e ,  
p lag ioc lase , and very minor amounts o f  a l la n i te  and zircon. The fe ls ic  
minerals occur as v /e ll-so rted , angular, broken fragments measuring 
0.1 to  0.25 mm in  diameter. E x tinc tion  in  a l l  f e ls ic  minerals is  h igh ly  
undulatory. Quartz g rea t ly  predominates over fe ldspar. Plagioclase 
shows a lb i te  tw inn ing , and possible concentric  zoning. B io t i te  occurs 
as rounded to  euhedral f lakes which are black in  hand specimen, and 
are p leochro ic  w ith  x ’ = greenish tan andz' = medium dark brown.
Zircon forms euhedral to s l ig h t ly  rounded c rys ta ls .  Small (0.25 to 0.3 mm) 
rounded pumice fragments are also present.
Groundmass and textures. The rock shows a prominent m il l im e te r-  
scale lam ination produced by p a ra l le l  o r ie n ta t io n  o f  the b io t i t e  flakes 
and by v a r ia t io n s  in  the size and amount o f  f e ls ic  phenocrysts. The 
groundmass consists o f  glass shards and volcanic dust. The shards are 
in d is t in c t ,  but appear to  be unwelded, and are a l te r in g  to clays or 
d e v i t r i f i c a t io n  minerals. The phenocryst minerals appear to be very fresh .
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and in  general, th is  u n it  is  much less a lte red  than many o f the other 
vo lcan ic  l i th o lo g ie s ,  a fa c t  which prompted i t s  se lection as a dating 
lo c a l i t y .
A s t r ik in g  feature is  the small fragments o f  charcoal which occur 
randomly scattered throughout the rock (Figure 11). These are small 
tw ig  fragments approximately 0.5 to 1 cm long, some o f  which contain 
unburned cores. Apparently the hot f a l l i n g  ash pelted down through 
some small bushes, s t r ip p in g  away the th inner tw igs, f lash -cha rr ing  them, 
and incorpora ting  them in  the deposit.
In te rp re ta t io n .  The th in  laminae, good so r t in g ,  and overa ll f in e  
grain s ize o f  th is  u n it  ind ica te  tha t i t  formed as an a i r f a l l  deposit.
The materia l was s t i l l  hot as i t  f e l l ,  as shown by the charcoal f ra g ­
ments, and therefore may have been r e la t iv e ly  near i t s  source. On the 
other hand, the ash was not hot enough to cause welding o f  i t s  con­
s t i tu e n t  glass shards.
There are no s igns, such as the presence o f  r ip p le s ,  crossbedding, 
o r channels, to  suggest stream reworking o f  the ash. A i r f a l l  deposits 
t y p ic a l ly  occur as veneers which uniform ly mantle topography (Williams 
and McBirney, 1979, p. 136, 175-176). In con tras t, the Tt u n it  crops 
out as an iso la te d  7 m-thick body. This suggests th a t the t u f f  may have 
formed by deposition o f  a i r f a l l  material in to  a small lake or pond.
A i r f a l l  materia l washed in  from surrounding slopes or p rec ip ita te d  
d i r e c t l y  from the a i r  would have se t t le d  slowly through the water, pro­
ducing the f in e  laminae and p a ra l le l  o r ie n ta t io n  o f  b io t i t e  c h a ra c te r is t ic  
o f  the u n it .
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The o ve ra ll  paucity  o f  a i r f a l l  t u f f s  w ith in  the study area may 
s ig n i fy  a r e la t i v e ly  low v o la t i le  content fo r  the volcanic system as 
a whole. Other in d ica t ions  o f  low v o la t i le  content include the very 
minor amount o f  pumice in th is  and the other u n its ,  and the predominance, 
noted above, o f  lava flow-rocks over py roc las t ic  deposits.
Tuffaceous(?) Conglomerate and Sandstone—Ttc
E p ic la s t ic  tu ffaceous(?) conglomerates, l i t h i c - r i c h  arkoses, and 
th in ly - la m in a te d  l i t h i c - l a p i l l i - c r y s t a l  tu f fs (? )  crop out p r im a r i ly  
in  the cen tra l po rt ion  o f  the study area, along Castle Rock Ridge and 
the ridge northeast o f  Jack the Ripper Creek. Although the outcrops 
may be lumped in to  the three d iv is ions  given above, they d isp lay great 
te x tu ra l and compositional v a r ia b i l i t y .  The outcrops each have d i f fe re n t  
c o lo rs ,  depending on the co lo r  and re la t iv e  amounts o f  m atrix and c las ts .  
The c la s ts  are q u a rtz ite  and numerous volcanic l i th o lo g ie s ;  g ra n i t ic  
c la s ts  have not been recognized in  e i th e r  hand specimen o r th in  section.
L i t h i c - r i c h  arkose. Only one outcrop o f  th is  rock-type was found 
w ith in  the study area, near the in te rse c t io n  o f  the Castle Rock t r a i l  
and the Montana-Idaho d iv ide . In hand specimen the pale grey rock is  
so c r y s ta l - r ic h  th a t i t  resembles a f ine-g ra ined  gran ite . In th in  
section (Figure 12a) the rock consists o f  w e ll-so r te d ,  angular, broken 
c ry s ta ls  o f  qua rtz , p lag ioc lase, and sanid ine, w ith  lesser bent b io t i t e  
f la ke s . A l la n i te ,  z irco n , and sphene(?) are present as accessory 
m inerals. L i t h ic  fragments are present in varying amounts, and consist 
o f  p o rp h y r i t ic  o r  aphan it ic  volcanic l i th o lo g ie s ,  q u a r tz i te ,  and
Ü12a.
.5 mm
12b.
Figure 12a.
Figure 12b. 
Figure 12c.
Photomicrograph o f  Ttc l i t h i c - r i c h  arkose, showing 
l i t h i c  fragments* c rys ta ls  o f  quartz, sanidine, b io t i t e ,  
p lag ioclase, and a l la n i te .
Hand specimen photograph o f  Ttc tuffaceous(?) conglomer­
ate. Clasts are qua rtz ite  and volcanic l i th o lo g ie s .
Photomicrograph o f  Ttc l i t h i c - l a p i l l i - c r y s t a l  t u f f ( ? ) ,  
showing compositional layering o f  pumice-rich ( l e f t )  and 
c ry s ta l - r ic k  ( r ig h t )  laminae.
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poss ib ly  pumice fragments. The arkose is  c last-supported. Matrix 
materia l comprises only a few percent o f  the rock; i t s  composition is  
uncerta in , but i t  could consist o f  volcanic ash and dust. Glass shards 
were not recognized in  th in  section.
Both laminated and massive samples were found, but graded bedding 
was not observed in e i th e r  outcrop or hand specimen. Throughout the 
u n i t  as a whole, grain size ranges from 15 mm ( f in e  sand) to 2 mm (very 
coarse sand). In sp ite  o f  a wide range in  grain densities in  c las ts  o f  
the same s ize (compare a l la n i te ,  S.G. = 3.4 to  4 .2 , w ith  pumice,
S.G. = 2 .0 -2 .5 —Marshall, 1935; G i lb e r t ,  1938) there is  no evidence 
o f  so r t in g  by c la s t  type or density. Sparse rounded to subangular 
c las ts  o f  q u a r tz i te  up to 15 cm in diameter were found in some pieces o f  
rubble. The l i t h i c - r i c h  arkose may have been formed by sheetwash o f f  
an eroded surface o f  q u a rtz ite  and volcanic rocks.
Tuffaceous(?) conglomerate. Poorly-sorted , massive, m atr ix - and 
c last-supported  pebble to cobble conglomerates crop out in  several 
places along Castle Rock Ridge and the ridge northeast o f  Jack the 
Ripper Creek. Clasts range from 0.5 mm to 6 cm, and consist o f  pumice, 
p e r l i t i c  v itro ph y re s , various p o rp h y r i t ic  f e ls ic  volcanic l i th o lo g ie s  
(both lava flow-rocks and welded ash-flow t u f f s ) ,  and qu a rtz ite  
(Figure 12b). Clasts are mostly subrounded, and colors range from green 
to  purp le , maroon, and grey. Crystals o f  quartz , sanidine, p lag ioc lase, 
b io t i t e ,  magnetite, z irco n , a l la n i te ,  and hornblende f i l l  the in te rs t ic e s  
between the la rg e r  c la s ts .  Most c rys ta ls  are broken, and b io t i t e  flakes
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are bent. The m atrix  materia l is  a very f ine -g ra ined , low-b iré fr in g e n t  
m a te r ia l ,  poss ib ly  representing volcanic ash and dust, a l te r in g  to  clay. 
Glass shards were not recognized in th in  section.
L i t h i c - l a p i l l i - c r y s t a l  t u f f (?). These w e ll-so rte d , th in ly - lam ina ted  
rocks occur as interbeds w ith in  outcrops o f  the tuffaceous(?) con­
glomerate. Broken, angular c rys ta ls  o f  quartz , sanidine, p lag ioclase, 
b io t i t e ,  a l la n i t e ,  and z ircon range from 0.05 to 2 mm in diameter. Sub- 
angular to  subrounded l i t h i c  fragments and pumice l a p i l l i  range from 
0.25 to  3.5 mm. Some samples show a compositional layering  from crys ta l - 
r ic h  in to  pumice-rich laminae (Figure 12c). Unfortunate ly, no oriented 
th in  sections were made to show whether th is  gradation is  upward from 
small c ry s ta ls  in to  la rg e r  pumice fragments (possible a i r f a l l  in to  
water) o r  upward from pumice in to  c rys ta ls  (possible a i r f a l l  on land or 
deposit ion from a f lo w ).  The groundmass is  the same fea tu re less, low 
b i ré f r in g e n t  material as in the tu ffaceous(?) conglomerates. The 
laminated nature o f  these rocks is  s im i la r  to tha t o f  the a i r f a l l  t u f f s  
o f  the T t u n i t ,  but there are s ig n i f ic a n t  d ifferences between the two: 
b io t i t e  is  fo l ia te d  in the a i r f a l l  t u f f  and randomly oriented in th is  
rock. In a d d it io n ,  these rocks contain fa r  more l i t h i c  fragments than 
does the a i r f a l l  t u f f ;  some layers also contain broken fragments o f  
carbonaceous p lan t trash.
In te rp re ta t io n  o f  tu ffaceous(?) conglomerates and l i t h i c - l a p i l l i -  
c ry s ta l t u f f (? ) . The te x tu ra l and compositional v a r ia b i l i t y  o f  these 
un its  appears to document a high degree o f  loca l source con tro l.  The
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absence o f  sedimentary s tructu res such as crossbedding, im brica t ion , 
and channeling argues against th e i r  deposition in  a purely f lu v ia l  
environment. Some size gradation ex is ts  between smaller c rys ta ls  
and la rg e r  pumice fragments in  the 1i th ic - 1 a p i11i- c ry s ta l  t u f f (? ) ,  but 
th is  may a c tu a l ly  re s u l t  from d e n s ity -so rt ing . A l i k e ly  o r ig in  fo r  
the tu ffaceous(?) conglomerates is  deposition as a volcanic mudflow, 
or lahar. A branch o f  p e t r i f ie d  wood found in  tuffaceous(?) conglomerate 
showed no sign o f  being charred, and may s ig n i fy  th a t  the lahar was 
co ld , ra th e r  than hot. Rounding o f  the cons tituen t c las ts  in the con­
glomerate could have occurred during transport in  the flow (Williams 
and McBirney, 1979, p. 177-178) o r may have occurred during an e a r l ie r  
period o f  stream reworking. As w ith  flows o f  any k ind , lahars would 
seek topographic lows and could e a s ily  incorporate stream material over 
which they passed. Such incorporation would also explain the v a r ia b i l i t y  
o f  th is  u n i t  between one outcrop and the next. The laminated, f in e ­
grained l i t h i c - l a p i l l i - c r y s t a l  t u f f (?) interbeds would then represent 
reworking o f  the tops o f  successive la h a r ic  deposits under upper flow 
regime co n d it io n s , presumably by sheetwash. The t ra n s i t io n  from con­
glomerate to  f ine -g ra ined  materia l is  abrupt, ra ther than gradational 
as might be expected from rap id , t u r b id i t y  c u r re n t- l ik e  deposition o f  
debris in to  a body o f  standing water (Reineck and Singh, 1975).
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Epi zonal G ran ite—Tg
Buff to  salmon, medium- to coarse-grained b io t i t e  g ran ite  crops 
out in  two s p a t ia l l y - d is t in c t  parts o f the study area. Outcrops on 
the lower parts  o f  the ridges trending north o f f  Castle Rock Ridge 
are steep wa lls  o f  bare g ran ite , in marked contrast to the gentle , 
vegetated slopes formed on the overly ing  volcanic rocks (Figure 13). 
Somewhat less s t r ik in g  outcrops o f g ran ite  are exposed in the south­
eastern corner o f the study area. The overa ll p ink ish co lo r o f  these 
gran ites  re a d i ly  d is t ingu ishes them from the grey to black-and-white 
g ran od io r ite  o f the Idaho b a th o l i th .  In outcrop or hand specimen, 
other d is t in c t iv e  features include sm all, 1-2 mm m ia r o l i t i c  c a v i t ie s ,  
the abundance o f potassium fe ldspar, the deeply-weathered and f r ia b le  
nature o f most outcrops, and the equ igranular, non -fo lia ted  fa b r ic  of 
the l i th o lo g y .
In te x tu re  and composition, rocks o f the Tg u n it  are comparable to 
the epizonal T e r t ia ry  granites mapped elsewhere in the B i t te r ro o t  and 
A tlan ta  lobes o f the Idaho b a th o l i th .  Outcrops o f the Tg u n it  w ith in  
the study area are part of a la rg e r ,  compound epizonal pluton o f batho- 
l i t h i c  dimensions (Figure 2 ,3 ). The name "Painted Rocks pluton" has 
been proposed fo r  th is  body (Lund and o thers, ms; Mutschler and others, 
ms). P re lim inary  K/Ar dates on th is  body ind ica te  a probable age w ith in  
the range 45-50 m.y. P.B. (Robert Fleck, pers. comm., 1980), making i t  
age-equiva lent to the other epizonal p lu tons , as well as to the Castle 
Rock vo lcan ics . Table 5 summarizes the mineralogy o f th is  u n it .
Figure 13. Photograph showing subhorizontal con­
ta c t  between Tvc volcanic rocks and 
Tg gran ite . Ridge north from Castle 
Rock Ridge in  v ic in i t y  o f  sample loca­
t ions  143—150.
Figure 14b. Photomicrograph o f  equigranular Tg 
g ran ite  showing in te r lo ck in g  c rys ta ls  
o f  orthoclase (exsolving a lb i t e ) ,  
twinned p lag ioclase, and quartz.
X polars.
Figure 14a. Hand specimen photograph o f  Tg gran­
i t e  showing massive, equigranular in ­
tergrowth o f  orthoclase ( l ig h t  grey), 
quartz (medium grey), and c h lo r i t iz e d  
b io t i t e  (dark grey).
.5 mm
\
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.5 mm
Figure 14c. Photomicrograph o f  Tg sample 120A showing bimodal size 
d is t r ib u t io n  o f  f e ls ic  c rys ta ls .  Orthoclase exsolving 
a lb i te .  X polars.
I
Figure 14d. Photomicrograph o f  Tg sample 265A showing micrograno-
phyric intergrowths o f  orthoclase and quartz. X polars.
MINERAL/COLOR IN H.S. % OF ROCK GRAIN SIZE GRAIN SHAPE PROPERTIES ALTERATION TEXTURES/COMMENTS
Potassium feldspar 
pink, salmon, or 
buff
22 to 
63
0.5—6 mm anhedral to 
subhedral, 
with straight 
to irregular 
grain boundar­
ies
absence of grid 
twinning sug­
gests ortho­
clase
extensively a l­
tered to clays
Typically shows undulatory extinction. 
Perthltic exsolution Is very well- 
developed, with a lb ite exsolving as 
stringers and Irregular blebs.
Quartz
grey
23 to
50
0.25--3 mm anhedral to 
rounded poly­
gonal crystals
small anomalous 
2V
Generally forms monomineral 1c glom­
erocrysts up to several mm diameter. 
Quartz-quartz grain boundaries are 
both crenate and polygonal. Abun­
dant fluid Inclusions. Undulatory 
extinction.
Plagioclase
white
11 to 
31
0.5—2 mm euhedral laths An2o-An32*
(ollgoclase to 
andesine)
most crystals 
altering to 
clay; many have 
a thin (0.04imi) 
unaltered r1m, 
even on xals 
which do not 
show concentric 
zonation
Well-developed albite and lesser per- 
Icline twinning. Forms glomero­
crysts, which may also contain or­
thoclase and b io tite  and, very rarely 
quartz. Commonly concentrically 
zoned.
Biotite
greenish-brown
.5 to
7
0.2—0.5 mm, 
generally In 
ragged clots 
of several 
flakes
slender to 
stubby eu­
hedral laths
pleochroic, 
x'" greenish 
tan, z'« dark 
greenish brown
altered to 
chlorite + 
magnetite + 
sphene— per­
vasive, but 
Incomplete
Distinctive "ribbon texture"—many 
flakes appear to be shredded apart 
perpendicular to their cleavage 
planes.
Primary accessory minerals: zircon, apatite, flu o rite , a llanite
* Centered bisectrix method (c .f. Trbger, 1958) 
Table 5. Mineralogy of the Tg unit.
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Textures. As a whole, rocks o f  the Tg u n it  are medium- to coarse­
grained, w ith  a massive in te r lo c k in g  tex tu re  (Figure 14). Both quartz 
and p lag ioc lase form dominantly monomineralic  c lo ts  reminiscent o f  
volcanic glomerocrysts. Orthoclase appears to  have begun c r y s ta l l iz in g  
a f te r  quartz and plag ioclase and f i l l s  in te rs t ic e s  between the other 
m inera ls; in  p a r t ic u la r ,  orthoclase forms th in ,  m acroscpp ica lly -v is ib le  
"septa" between small quartz glomerocrysts. Plagioclase inc lus ions in 
orthoclase are uncommon. In con tras t,  th in ,  i r re g u la r  rims o f  p lag io ­
clase on orthoclase c rys ta ls  are very common. Whether th is  is  a nucléation 
e f fe c t ,  in d ic a t in g  comtemporaneous o r sequential c r y s ta l l iz a t io n  o f  
orthoclase and p lag ioc lase , or a v a r ie ty  o f  exso lu tion , cannot be de­
termined from the tex tu re .
Two samples have textures d is t in c t l y  d i f fe re n t  from the other f iv e  
samples o f  th is  u n it  examined in th in  section : Sample 120A is  charac­
te r ize d  by a pronounced bimodal size d is t r ib u t io n  o f  quartz, orthoclase, 
and p lag ioc lase c rys ta ls  (Figure 14). Large, 0.5 to 3 mm, subhedral 
to anhedral c rys ta ls  are surrounded by an in t r ic a te  intergrowth o f  very 
small (genera lly  .1 - .3  mm), almost bubble-shaped anhedral c rys ta ls .
These f i l l  in te rs t ic e s  between the la rg e r  c ry s ta ls ,  in a sense con­
s t i t u t in g  the "m a tr ix "  o f  the rock. The margins o f  many la rger c ry s ta ls ,  
p a r t ic u la r ly  quartz , contain abundant inc lus ions o f  the small anhedral 
c ry s ta ls .  The tex tu re  suggests a two-stage c ry s ta l l iz a t io n  h is to ry :
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(1) slow c r y s ta l l iz a t io n  o f the corase c rys ta ls  to produce a c rys ta l 
mush, fo llowed by (2) rapid c ry s ta l l iz a t io n  o f the matrix under conditions 
o f reduced temperature, reduced vapor pressure, or both. Whereas the 
more normal equigranular g ran ites are a l l  immediately overla in  by 
s i l i c i c  vo lcan ic  rocks, sample 120A is  from an area o f g ran ite  which is  
separated from the q u a rtz ite  country rock by in tru s iv e  p o rp h y r i t ic  
rh y o l i te  and p o rp h y r i t ic  f ine -g ra ined  g ran ite  o f the Tpr u n it .
Sample 265A displays a very pronounced "microgranophyric" texture  
(Figure 14). This outcrop is  not spa tia lly -con tinuous w ith  the main 
body o f equigranular gran ites but may be connected to i t  a t depth.
Sphene in  these rocks is  both primary, as shown by a 5 mm-long, 
euhedral c rys ta l w ith  wel1-developed cleavage, and secondary (granular 
sphene associated w ith  c h lo r i t iz a t io n  o f  b io t i t e ) .  The Tpr dike which 
cuts across th is  outcrop also shows a conspicuous graphic tex tu re  in 
th in  section .
In te rp re ta t io n . T ex tu ra l,  and to some extent m ine ra lo g ica l, features 
o f the Tg g ra n ite  show i t  to be an epizonal p lu ton ic  body, probably 
emplaced a t depths of no more than approximately 6 km (Hyndman, 1972), 
and probably much less. These d iagnostic  features are: (1) m ia ro l i t ic  
c a v i t ie s ;  (2) a massive, dominantly equigranular tex tu re ; (3) the 
absence o f  observable contact metamorphic e ffec ts  on the surrounding 
country rocks; and (4) the sharp boundary between the g ran ite  and the 
country rocks.
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The Tg u n i t  contains both potassium and plagioclase fe ldspar.
Epizonal g ran ites  are normally characterized as hypersol vus, "one- 
fe ldspa r"  p lu to n ic  rocks (Figure 15a) in  contrast to the "subsolvus", 
" tw o-fe ldspar"  composition o f  deeper-seated g ra n i t ic  rocks (Figure 15b). 
Consideration o f  the phase diagram shows th a t  th is  condition applies 
to rocks formed in the system KalSi^Og--NaAlSigOg. Addition o f even a 
small amount o f calcium to the p lagioclase s truc tu re  resu lts  in  the ex­
pansion o f the sol vus (Figure 15a) (Hyndman, pers. comm., 1980). P lagio­
clase in  the Tg u n i t  gran ites has the composition An20-32> th is  is  
s u f f i c ie n t  to  a l t e r  the phase diagram and enable c ry s ta l l iz a t io n  o f  two 
d isc re te  fe ldspar phases.
Several pétrographie features o f these rocks appear to document 
la te -s tage  "quenching" and movement o f the n e a r ly -s o l id i f ie d  melt:
(1) B io t i te  h a b itu a l ly  occurs as bent or otherwise deformed f lakes.
These demonstrate in te rna l movement o f the g ran ite  a f te r  c r y s ta l l iz a t io n  
o f  both the b io t i t e  and the fe ls ic  c rys ta ls  between which the b io t i t e  
f lakes are trapped. (2) Compositional zonation in most plagioclase 
c rys ta ls  is  shown by a d if fu se  concentric e x t in c t io n  and by the un­
a lte red  rim surrounding an a lte red  core on many c ry s ta ls .  Such com­
p o s it io n a l zonation ind ica tes cooling o f  the magma too ra p id ly  to  allow 
e q u i l ib ra t io n  between c rys ta ls  and residual melt. (3) The bimodal size 
d is t r ib u t io n  o f  c rys ta ls  in sample 120 and the abundance o f  inclusions 
in  the ou te r margins o f large c rys ta ls  in  the same sample are d is ­
e q u i l ib r iu m  textures re f le c t in g  rapid c ry s ta l l iz a t io n  o f i n t e r s t i t i a l  melt
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Figure 15. Binary phase diagrams fo r  the system KAlSi^Og—NaAlSi^Ogi (a) low-P^ q con figu ra t ion ; 
(b) high-P^ ^ con figura tion  (modified from Hyndman, 1972, p. 18).
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(4) The pronounced granophyric tex tu re  in  sample 265A can be considered 
a product o f  rap id  c r y s ta l l iz a t io n  under a strong chemical o r energy 
gradient (Spry, 1969; Barker, 1970), as fo r  example, a sudden decrease 
in  water o r  load pressure. (5) The d is t in c t iv e  "ribbon tex tu re "
(Table 5) o f  many b io t i t e  flakes might have resulted from a process 
such as hydra tion  o r expansion o f  contained water due to a sudden 
pressure release.
In tru s ive  P o rp h y r i t ic  Rhyolite and P o rphyr it ic  Fine-grained Granite,
Undivided - -  Tpr____________________________________________________
L ith o lo g ie s  included in th is  u n it  were grouped together p r im a r i ly  
on the basis o f  s im i la r i t ie s  in  th e i r  tex tu re  and in fe rre d  o r ig in .
Where they are found in outcrop, these massive, p o rp h y r i t ic  rocks show 
d e f in i te  c ro s s -c u t t in g  dike re la tionsh ips  to p lu ton ic  or q u a rtz ite  
country rocks. Out o f  22 th in  sections examined fo r  th is  u n i t ,  17 were 
o f  p o rp h y r i t ic  r h y o l i te ;  the remainder were cl assifed as p o rp h y r i t ic  
f ine -g ra ined  g ran ite s . Rhyolites grade in to  gran ites w ith  increasing 
c rys ta l 1 i n i t y  o f  the groundmass (Figure 16). The terms " rh y o l i te "  
and "g ra n ite "  are used here in a very general way to  mean fe ls ic  igneous 
rocks con ta in ing  phenocrystic and groundmass quartz , p lag ioc lase, and 
sanid ine; the dominant mafic mineral is  b io t i t e .  The rocks contain 
h igh ly  va r ia b le  amounts o f  the three fe ls ic  minerals and may have 
correspondingly va r iab le  compositions w ith in  the fam ily  o f  g ra n i t ic  
rocks. Three samples, analysed by XRF, have the composition o f  h ig h -s i l ic a
Figure 16a.
Figure 16b. 
Figure 16c.
Hand specimen photograph o f  Tpr p o rp h y r it ic  rh y o l i te .  
White spots are fe ls ic  phenocrysts, dark spots are 
c h lo r i t iz e d  b io t i t e .
Photomicrograph o f  Tpr p o rp h y r it ic  rh y o l i te .  X polars.
Photomicrograph o f Tpr p o rp h y r it ic  f ine-gra ined g ran ite , 
showing granophyric intergrowth o f sanidine (dark) and 
quartz ( l i g h t ) .  X polars.
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rh y o l i te s  (Chapter I I I ) .  With the exception o f  outcrops in the south­
eastern corner o f  the study area, rocks o f  th is  u n it  are found only on 
the ridges running north and east o f f  Castle Rock Ridge (Plate 1).
Table 6 summarizes the mineralogy o f  th is  u n it .
Groundmass and tex tu res . The groundmass in  the rh yo l i te s  consists 
o f  very f in e -g ra ined  intergrowths o f  a lk a l i  fe ldspar and a s i l i c a  
mineral. The intergrowths may take the form o f  (1) d iscre te  patches,
(2) massive f e l s i t e ,  very s im i la r  to the Tprc u n it  (see below) and
(3) fea thery  sp h e ru lites , 0.25 -  0.5 mm diameter, which in many cases
nucleate on phenocrysts. There is  no evidence o f  phenocryst flow- 
o r ie n ta t io n  e i th e r  in hand specimen or in th in  section (Figure 16).
In the g ra n ite s ,  the groundmass forms (1) a dense sphe ru lit ic /g ranophyr ic  
in tergrowth o f  quartz and a lk a l i  fe ldspar w ith  rare m ia ro l i t i c  c a v i t ie s ,  
and (2) a granular "b ub b le - l ike "  aggregate o f anhedral quartz, a lk a l i  
fe ld spa r, and lesser p lag ioclase c ry s ta ls ,  w ith  minor graphic in te r ­
growths. Phenocrysts in  the sphe ru l i t ic /g ra n o p hy r ic  granites do not 
show i r r e g u la r  grain boundaries, but those in  the granular granites do.
In te rp re ta t io n .  The Tpr l i th o lo g le s  are in te rp re ted  as hypabyssal 
o ff-shoo ts  o f  the Tg g ran ite . D e f in ite  c ross -cu tt ing  re la tionsh ips  
are uncommon w ith in  the study area due to poor exposure but can be seen 
in outcrops in  i t s  fa r  southeastern corner and north o f  Nez Perce Creek. 
In outcrop, the Tpr l i th o lo g ie s  are most commonly found as rubble in 
areas underla in  by e ith e r  T e r t ia ry  gran ite  or Precambrian qu a rtz ite .
MINERAL/COLOR IN  H .S . GRAIN SIZE GRAIN SHAPE ALTERATION TEXTURES/COMMENTS
Q uartz
g rey
0 .5 - - 3  mm r h y o l ite s :  
rounded to  
d eep ly  embayed, 
w ith  hexagonal 
o u t l in e s .  
g ra n ite s :  
o u te r  rim s are  
i r r e g u la r ly  
indented  in  
co n ta c t w ith  
groundmass
C ry s ta ls  occur s in g ly  and in  mono­
m in era l ic  g lo m e ro crysts . U n d u lato ry  
e x t in c t io n  is  common.
P la g io c la s e
o f f -w h ite
0 .5 — 2 .5  mm, 
r a r e ly  to  8
mm
euhedral la th s commonly a l ­
te re d  to  c la y ,  
s e r i c i t e ,  o r  
carb o n a te—  
s l ig h t ly  to  
e x te n s iv e ly  a l ­
te red
A lb ite  tw in n in g  is  common; C arlsbad  
is  r a r e .  T y p ic a l ly  forms glom ero­
c r y s ts ,  which may a ls o  c o n ta in  s a n i­
d in e  o r b io t i t e .  G rain  boundaries  
in  g ra n ite s  a re  i r r e g u la r .
S an id in e
b u ff  to  o f f -w h ite
0 .5 - - 5  mm, 
ave. 1— 2 mm
e u h e d ra l,
s l ig h t ly
rounded
v a r ia b ly  a l ­
te re d  to  c la y s ;  
r a r e ly  to  c a r ­
bonates
H a b itu a lly  shows C arlsbad tw in n in g . 
C ry s ta ls  t y p ic a l ly  f ra c tu re d  and 
show u n d u la to ry  e x t in c t io n .  G rain  
boundaries in  g ra n ite s  a re  i r r e g u la r .
B io t i t e
green
0 .2 5 — 0 .5  mm euhedral s tu b ­
by to  e lo ng ate  
f la k e s
u b iq u ito u s ly  
a lte r e d  to  
c h lo r i t e  and 
g ra n u la r sphene
Occurs as c h lo r i t iz e d  masses w ith  
remnant p le o c h ro ic  haloes around 
z irc o n  in c lu s io n s . C h lo r ite  shows 
anomalous b lu e  in te r fe re n c e  c o lo rs .
P rim ary accessory m in e ra ls : z irc o n , m a g n e tite , a l l a n i t e ,  f l u o r i t e
tn
T ab le  6 . M inera lo gy o f  the Tor u n i t .
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Tpr rubble is  only ra re ly  found In areas underlain by volcanic rock; 
exceptions are a few lo c a l i t ie s  on some o f  the ridges north o f  Castle 
Rock and east o f  Bare Cone.
The l i th o lo g ie s  o f  the Tpr u n it  appear, then, to represent an 
approximately 1 km-thick sequence o f  closely-spaced hypabyssal dikes 
which form the "cap" o f  the T e r t ia ry  pluton in  th is  area (Figure 17a). 
S im ila r  p o rp h y r i t ic  rocks may form the roof fac ies o f  the Casto pluton 
in  the C h a ll is  vo lcanic f ie ld  (Cater and o thers , 1973). Fiske and others, 
1963, described a f ine -g ra ined  p o rp h y r i t ic  c h i l l  zone 100 or more meters 
th ic k  adjacent to the ro o f o f  the Miocene Tatoosh pluton in Mt. Rain ier 
National Park (Figure 17b). The granophyric groundmass displayed by 
some o f  t h e i r  rocks is  remarkably s im i la r  to th a t found in  Tpr rocks in 
the study area. They a t t r ib u te d  th is  tex tu re  to a sudden f in a l  c r y s ta l ­
l iz a t io n  th a t  took place a f te r  most o f  the melt had s o l id i f ie d .  This 
rap id  c r y s ta l l iz a t io n  may have followed a sudden loss o f  heat and 
v o la t i le s  brought on when the hypabyssal rocks vented to the surface 
(Fiske and o thers , 1963). The same e f fe c t  ( ie ,  rapid c ry s ta l l iz a t io n  
o f  i n t e r s t i t i a l  melt) may also be achieved in a water-bearing magma by 
a sudden decrease in pressure w ith  rapid u p l i f t  o f  the magma (Figure 18; 
Hyndman, ms). B io t i te  in  Tpr rocks is  much more h igh ly  c h lo r i t iz e d  
than th a t  in  e i th e r  the coarse-grained granites or the vo lcan ic rocks.
This might r e f le c t  a greater concentration o f  water and other v o la t i le s  
in  the ro o f zone o f  the pluton. As magma vented to the surface, the
A
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Figure 17a. Schematic cross section showing p o rp h y r it ic  "cap" o f Painted Rocks pluton in study 
area. Section drawn along l in e  X—X’ , Plate 2.
CTi
HyoiboU : Tdl, »lll« mod dikf#; Tg, irmnodlorlle mud relmted rock»; Tv, pyrorluMiic rockv; To, Obunapecovh Formation; Ti, Stevcno Itldge Formation; Tl, l*«ak Koiiiuitlon.
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APPROX SCALE
Figure 17b. Schematic cross section showing p o rp h y r it ic  "roof-zone" o f the Tatoosh p lu ton, Mt. Rainier g  
National Park (Fiske and others, 1963).
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Figure 18. Pressure-temperature curve fo r  water-bearing g ra n i t ic  
magma, showing path o f  c r y s ta l ! iz a t io n  w ith  decreasing 
P to ta l*  Curve drawn fo r  g ra n i t ic  magma containing 
A 2% HgO (Whitney, 1975) (modified from Hyndman, 1972, 
p. 70).
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v o la t i le s  may have been ra p id ly  lo s t ,  exp la in ing the r e la t iv e ly  un- 
c h lo r i t iz e d  cond it ion  o f  the b io t i t e  in  most o f  the vo lcanic un its .
As mentioned above, Tpr rubble is  ra re ly  found in areas underlain 
by vo lcan ic  rocks. I f  the volcanic rocks co n s t itu te  the country rock 
" ro o f"  above the p lu ton , then there should be a wide zone o f  hypabyssal 
rocks separating g ran ite  from volcanic rocks, ju s t  as there is  separating 
g ran ite  from q u a r tz ite  on the ridges north o f  Bare Cone. Perhaps in  
those places where the hypabyssal "cap" is  missing, the underlying 
pluton i t s e l f  rose to  shallow le v e ls ,  engu lfing  i t s  p o rp h y r i t ic  c h i l le d  
border zone as a foundered stope block (Figure 17a).
The g ran ite  and dike rocks may be e s s e n t ia l ly  coeval. Both gra­
dational and in t ru s iv e  contacts between equigranular and p o rp h y r i t ic  
rocks are very well displayed along the Nez Perce Fork-Magruder 
Corridor road immediately north o f  the study area. The top o f  a pluton 
which is  sub ject to  venting to the surface is  presumably an area o f  
rapid and i r re g u la r  f lu c tu a t io n s  o f  l i t h o s t a t i c  load, water pressure, 
and the v o la t i le  content o f  the d i f fe re n t ia t in g  magma. The in te rp la y  
o f  these various f lu c tu a t io n s  could create the complex re la tion sh ip  
o f  p o rh y r i t ic  and eq igranu lar rocks seen w ith in  the study area.
In tru s iv e  P o rp h y r i t ic  Rhyolite o f  Castle Rock--Tprc
This u n it  crops out as a small p lug, Castle Rock, and a t leas t 
three nearby re la ted  dikes. Outcrops are characterized by re s is ta n t ,  
almost v e r t ic a l  c l i f f s  w ith  strong v e r t ic a l  and less d is t in c t  sub­
horizon ta l jo in t in g  (Figure 19a). Weathered surfaces show iro n -  and
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V
sa
.5 mm
Figure 19a. 
Figure 19b. 
Figure 19c.
Photograph o f Castle Rock plug, taken from v ic in i t y  o f 
sample lo c a l i t y  23-50-300.
Hand specimen photograph o f Tprc rh y o l i te .  Large 
white phenocrysts are mostly sanidine.
Photomicrograph o f  Tprc rh y o l i te  showing phenocrysts 
in  a d e v i t r i f i e d  f e ls i t e  groundmass.
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manganese-oxide s ta in in g . In outcrop, the rock is  a massive, b io t i t e -  
p lag ioc lase-quartz-san id ine  p o rp h y r i t ic  rh y o l i te  w ith  a dense, grey- 
purple aphan it ic  groundmass {Figure 19b). A weak flow(?) banding is  
ra re ly  seen in the groundmass but phenocryst o r ie n ta t io n  was not seen 
in  hand specimen o r  in  th in  section. Relative and absolute percentages 
o f  phenocryst minerals may vary considerably, even over a distance o f  
only a few meters. Phenocryst size is  l ikew ise  va r iab le , but in  
general the coarse grain size o f  the phenocrysts is  a prominent feature 
o f  th is  1 i tho logy .
Near contacts w ith  the country rocks, the dikes are breedated 
and hydrothermally a lte red . The groundmass becomes i r re g u la r ly  banded 
or sw ir led  and colored in  shades o f  l i l a c ,  ochre, and b u ff  as a re s u l t
o f  a l te ra t io n .  Near these contacts the rock is  abundantly fra c tu red ,
w ith  s i l i c i f i e d  microbreccias occurring along frac tu re  planes and as 
wispy t ra in s  o f  comminuted c rys ta ls  waving through the rock. B io t i te  
is  genera lly  absent in these brecciated margins and, where present,
is  ex tens ive ly  a lte red  to  iron  oxides. These textures may have been
produced by vo la t i le -s tre a m ing  or f lu id iz a t io n  during dike emplacement 
(Myers, 1975; P itche r, 1978). In-p lace b recc ia t io n , represented in 
th in  section by a " j ig -sa w  puzzle f i t "  o f  broken c ry s ta ls ,  apparently 
documents la te -s tage  movement o f  the a lm o s t-s o l id i f ie d  dike. A s im i la r  
o r ig in  would expla in the abundant s lickensides observed in rubble from 
the ou te r edges o f  the Castle Rock plug. Open spaces in the breccias 
are coated w ith  drusy r inds o f  t in y  (0.025 mm) terminated quartz
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c rys ta ls .  These may have formed as a low-temperature inversion o f  
an o r ig in a l  vapor-phase mineral such as t r id y m ite  (Ross and Smith, 
1961). Table 7 summarizes the mineralogy o f  th is  u n it .
Groundmass and te x tu re s . As w ith  the Tmf u n i t ,  the groundmass o f  
Tprc rocks consists o f  a massive in tergrowth o f  quartz and a lk a l i  
fe ldspar d e v i t r i f i c a t io n  products (Figure 19c). The o r ig in a l ground­
mass was presumably g lassy, perhaps w ith  a few t ra in s  o f  t in y  
m ic ro l i te s ;  two samples show what may be remnant t ra c h y t ic  te x tu re , and 
what appear to  be remnant p e r i i t i c  cracks in a n o w -de v itr i f ie d  ground­
mass.
In te rp re ta t io n .  The in t ru s iv e  nature o f  the 1itho logy  is  re ad ily  
seen in  outcrop. Castle Rock i t s e l f  is  a Tprc plug approximately 
250 m in  diameter (P late 1). I t  is  surrounded on a l l  sides by a 
" s k i r t "  o f  blocky ta lus  but discontinuous outcrops o f  e p ic la s t ic  
tu ffaceous(?) conglomerate completely enc irc le  the rock. Xenoliths 
o f  th is  e p ic la s t ic  materia l can be found in the Castle Rock plug and 
the Tprc dike to the west. The conglomerate in these xenoliths is  
extremely s i l i c i f i e d ,  and appears to  have been "fused", e i th e r  by 
conduction o f  heat from the surrounding in tru s io n  o r by lowering o f  i t s  
melting temperature as in te rg ra n u la r  water was converted to steam 
(Williams and McBirney, 1979, p. 137-138).
W illiams (1932) d is tingu ished between volcanic domes which are 
"exogenous" and formed by surface e ffus ion  o f  lava from a centra l vent, 
and those which are "endogenous" and formed by continued add it ion  o f
MINERAL/COLOR IN H.S, % OF ROCK GRAIN SIZE GRAIN SHAPE PROPERTIES ALTERATION TEXTURES/COMMENTS
Quartz
grey
7 to  
11
0 . 5 - - 3  mm, 
ave. 1 .5  mm
rounded em­
bayed c r y s t a ls  
w ith  remnant 
hexagonal o u t ­
l in e s
s l i g h t  anoma-  
2V
Undulose e x t i n c t i o n ;  uncommonly forms 
g lo m ero crys ts .
San id ine
g lassy  to  b u f f
4 to  
18
0 . 5 - - 3  mm, 
r a r e l y  to  8
mm
euhedral to  
su b h e d ra l , may 
be rounded or  
embayed
W ell-d eve lop ed  Carlsbad tw in n in g  can 
be seen in  hand specimen. May form  
monomineralic g lo m ero crys ts .  Undula­
t o r y  e x t in c t i o n ;  z o n a l ly -a r ra n g e d  i n ­
c lu s ion s  o f  p la g io c la s e  and b i o t i t e  
in  some la r g e r  c r y s t a l s .  F a i r l y  com­
monly shows zoned e x t in c t i o n .
P la g io c la se
g lassy
3 to  
9
0 . 5 — 2 mm euhedral la th s ' ' " 2 3 - - * " 4 0 *
( o l ig o c la s e  to  
andesine)
s e r i c i t e Commonly forms glom erocrysts  which  
may c o n ta in  b i o t i t e  o r  s a n id in e .
H ig h ly  f r a c t u r e d ,  p a r t i c u l a r l y  in  
cores . C o n c e n t r ic a l ly  zoned, w ith  
w e ll-d ev e lo p e d  a l b i t e  tw in n in g ;  C a r ls ­
bad tw inn ing  a ls o  occurs.
B i o t i t e
black
2 0 . 2 — 1 mm
..
euhedral la th s  
and basal sec­
t io n s
p le o c h ro ic ,  
x '=  b lond-  
brown, z '  = 
dark brown
very  f re s h Z ircon  in c lu s io n s  are  r a r e ,  and do 
not a l l  c re a te  p le o c h ro ic  haloes
Primary accessory m in e ra ls :  z i r c o n ,  a p a t i t e ,  m agnetite
*  Centered b i s e c t r i x  method ( c . f .  T rd g e r ,  1958)
Tab le  7. M inera logy o f  the Tprc u n i t .
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magma and expansion from w i th in ,  genera lly  beneath an overly ing  layer. 
Endogenous domes may be la te r  exposed by erosion. Various features o f  
the Castle Rock plug may be c ite d  in support o f  e i th e r  o f  these modes 
o f  formation. As seen today, Castle Rock occupies a topographic high. 
This is  in  pa rt due to the more re s is ta n t  nature o f  the Tprc l i th o lo g y ,  
but could a lso be a re f le c t io n  o f  the o r ig in a l exogenous nature o f  the 
plug. I f  the Castle Rock plug is  exogenous, i t s  f l a t  top could be an 
o r ig in a l fe a tu re , or i t  might be due p a r t ly  to contraction  and p a r t ly  
to reduction o f  v o la t i le  pressure during the c los ing stages o f  in ­
trus ion  (W ill iam s, 1932). On the other hand, jo in t in g ,  which is  a 
prominent feature o f  Castle Rock, is  best developed in  endogenous domes 
(W illiam s, 1932). However, jo in t in g  in  endogenous domes is  generally 
v e r t i c a l ,  and e i th e r  ra d ia t in g  o r concentric. The dominant j o i n t  sets 
in  Castle Rock are v e r t ic a l ,  but th e i r  trend varies through only a small 
angle (Figure 20). The fa c t  th a t  the jo in t in g  does not continue in to  
the surrounding rocks ind ica tes th a t th is  feature probably resulted from 
cooling o r  pressure-release during the la te  stages o f  in tru s io n  and 
s o l id i f i c a t io n  o f  the plug, ra ther than a t some la te r  time.
In te x tu re  and mineralogy, the rh y o l i te  o f  Castle Rock is  not s ig ­
n i f i c a n t l y  d i f fe re n t  from l i th o lo g ie s  in the Tpr u n it .  The main pétro­
graphie d if fe re n ce  between the two un its  is  the greater degree o f  a l ­
te ra t io n  in  Tpr rocks. I f  Castle Rock and i t s  re la ted dikes vented to 
the surface , v o la t i le  constituents  would have escaped. Perhaps in  the 
w ho lly (? ) in t ru s iv e  Tpr dikes these v o la t i le s  were "sealed in " and 
allowed to  react w ith  ea rl ie r- fo rm ed  phenocryst minerals.
76
I
________ sub-horizontal joints 35° ave. 22® dip)
________ high-angle joints (=55° ave. 79° dip)
Figure 20. Rose diagram p lo t t in g  trends o f  jo in ts  from Castle Rock plug
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Unconsolidated Deposits, Undivided—Qu
Quaternary deposits cons is t o f  moralnai m a te r ia l,  possible lake 
sediments in  a few lo c a l i t ie s  (Winegar, 1974), and alluvium .
Talus—Qt
This u n i t  designation is  applied to t ra in s  o f blocky rubble o f 
mappable ex ten t, which can be traced to bedrock outcrops. Both o f  
these c r i t e r i a  are met only by the th ick  s k i r t  o f  blocky ta lus eroded 
o f f  the steep wa lls  o f the Castle Rock plug. Bedrock un its  crop out 
through th is  cover in  only a few places.
Summary
The bedrock un its  in  the study area can be grouped in to  three 
general ca tegories : (1) the Precambrian q u a rtz ite  country rock; (2)
in t ru s iv e  g ra n i t ic  rocks, comprising the Tpr hypabyssal dike rocks and 
the Tg g ra n ite  w ith  i t s  included blocks o f Idaho b a th o li th  rock; and
(3) the Castle Rock vo lcanics. The hypabyssal in tru s ive  rh y o l i te  o f 
Castle Rock is  included in  the la s t  category because of i t s  d e f in i te  
c ro ss -cu tt in g  re la t io n s h ip  to the vo lcan ics , and because o f the 
p o s s ib i l i t y  th a t  i t  may have vented to the surface.
The e x trus ive  un its  o f  the Castle Rock volcanics consis t p r im a r i ly  
o f  r h y o l i t e  lava flows, w ith  subordinate py roc las t ic  deposits. The 
s ig n if ic a n ce  o f  th is  fa c t  is  discussed in Chapter V, but presumably i t  
r e f le c ts  the r e la t i v e ly  low v o la t i le  content o f  the parent magma. A 
s im i la r  low v o la t i le  content in  the Tg g ran ite  magma is  indicated by 
the small s ize  o f  m ia r o l i t i c  c a v i t ie s ,  by the absence o f contact
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metamorphic e f fe c ts ,  and by the fa c t  th a t  the body was able to r ise  to 
w ith in  less than 1 , 0 0 0  m o f the surface, judging from the thickness o f 
the vo lcan ic  cover w ith in  the study area.
The Castle Rock volcanics and the subjacent p lu ton ic  rocks have a 
s im i la r  m ineralogy, are coeval, and occur together in close spa tia l 
p rox im ity . The parent magma fo r  each group o f l i th o lo g ie s  was a 
r e la t i v e ly  lo w -v o la t i le  g ra n i t ic  melt. Chapter I I I  presents the 
chemical data fo r  these rocks and discusses the im p lica tions  o f  th e ir  
observed s im i la r i t ie s .
CHAPTER I I I  
WHOLE-ROCK CHEMISTRY
Table 8  gives whole-rock chemical analyses fo r  22 in tru s iv e  and 
ex trus ive  rocks: 15 samples from w ith in  the study area, 5 fo r  com­
parison from areas on i t s  margin, and 2 re p l ica te  samples. A l l  are 
X-ray fluorescence analyses performed by the Department o f  Geology, 
Washington State U n iv e rs i ty .  Also given are the compositions fo r  
Nockold's (1954) average ca lc -a lk a l in e  gran ite  and c a lc -a lka lin e  
r h y o l i te ,  and values fo r  the 5 USGS standards run w ith  the rocks o f  
th is  study. Agreement o f  rep l ica ted  samples and standards (both run as 
unknowns) is  very good. Normative minerals fo r  the study area rocks 
were ca lcu la ted  using a computer program from Dartmouth College.
With one exception, a l l  samples contain greater than 6 6 % s i l i c a ,  
and may be c la s s i f ie d  as ac id ic  or f e ls ic  igneous rocks (Figure 21). 
Sample 283, w ith  63.14% s i l i c a ,  would be c la s s i f ie d  as in termediate; 
the rock was described in the f ie ld  as an andésite. Sample 270B, 
w ith  the next-lowest s i l i c a  value, 68.9%, was also mapped as an andésite; 
i t s  higher s i l i c a  value may be the re s u l t  o f  q u a r tz - f i l le d  amygdules. 
Sample 269A shows an abnormally high s i l i c a  value o f  80.89%; in  hand 
specimen th is  rock shows evidence o f  secondary s i l i c i f i c a t i o n .  Because 
o f  t h e i r  suspect nature, the analyses fo r  samples 269A and 270B w i l l  
not be u t i l i z e d  in  the fo l lo w in g  discussion. Samples 159 and 206 are
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Table 8 a. Whole-rock XRF chemical analyses of study area rocks.
22A
Tprc
1768
Tprc
54A
Tvc
83A
Tvc
303A
Tvc
6 6 A
T lf
70A
Tt
260A
Tmf
279A
Tmf
85A
Tpr
106A
Tpr
146C
Tpr
SiOg 77.60 78.16 73.22 77.92 76.23 71.44 74.95 69.20 73.66 77.01 76.98 78.70
TiOg 0.13 0.13 0.27 0.06 0 . 1 2 0 . 2 2 0.26 0.29 . 0.24 0 . 1 1 0.16 0.08
AI2 O3 1 2 . 2 2 12.31 14.66 12.71 13.35 15.74 14.10 16.49 14.50 12.91 13.08 12.99
FeO (1) 1.18 0.73 1.52 0.46 1.05 2.38 1.44 1.73 1.61 1.24 1.24 0.28
MnO 0 . 0 2 0 . 0 1 0.03 0 . 0 1 0.03 0 . 0 2 0 . 0 2 0 . 0 2 0.03 0 . 0 1 0 . 0 0 0 . 0 0
HgO 0 . 2 0 0.19 0.41 0.09 0.39 0.23 0.44 0.43 0.46 0.13 0.17 0 . 1 2
CaO 0.27 0.56 1.47 0.23 0.90 1.48 1.64 1.14 1.19 0.28 0.39 0.39
Na-0 2.41 2.95 3.23 3.21 3.03 3.57 1.28 3.14 3.07 3.43 3.01 2.36
K2 O 5.92 4.91 5.10 5.26 4.88 4.82 5.79 7.44 5.15 4.76 4.93 5.04
P2 O5 0.05 0.04 0.09 0.04 0 . 0 2 0.08 0.07 0 . 1 1 0.09 0.03 0.05 0.03
Total lOO.Oo 99.99 Too. 00 99.99 TOO.00 99.90 99.99 99.9^ 1 0 0 . 0 0 99.91 lOOTol 99.99
159A
Tg
206A
Tg
2530
Ttc
269A
Tprs
2708
Tvs
283A
Tvu
286A
Tvu
293A
Tvu
70A(2)
Tt
260A(2)
Tmf
SlOg 7j.01 75.81 74.78 80.89 68.99 63.U 78.67 76.69 74.61 69.29
TiOg 0.27 0.13 0.24 0.14 0.83 0.78 0.08 0.09 0.26 0,29
Al^Oj
FeO
14.58
2 . 1 0
13.51
1.16
14.84
1 . 1 2
1 1 . 8 6
0.16
14.37
5.24
18.43
4.63
11.98
0.75
12.98
0.55
14.22
1.46
16.43
1.74
(1) Total Iron 
reported as 
FeO
MnO 0.04 0 . 0 2 0 . 0 2 0 . 0 1 0.04 0.07 0 . 0 1 0.64 0 . 0 2 0 . 0 2
HqO
CaO
0.16
0.26
0 . 2 1
0 . 6 6
0.28
1.96
0 . 2 0
0 . 0 0
2 . 1 0
0.54
0.44
2.49
0 . 2 0
0 . 0 1
0.28
0.17
0.49
1.51
0.54
1.13
(2) Replicate 
sample
Na.O 3.61 3.50 1.91 0.40 0.82 4.14 3.43 2.61 1.43 3.06
K̂ O 5.91 4.95 4.79 6.39 6.63 5.61 4.82 5.96 5.94 7.41
0.06 0.04 0.05 0.04 0.38 0.28 0.04 0.04 0.06 0 . 1 0
ÎÔÔ7Ô1Total 1 0 0 . 0 0 99.99 99.99 100.09 99.94 1 0 0 , 0 1 100.09 1 0 0 . 0 0 1 0 0 . 0 0
00
o
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SiOg AI2 O3 TiOg Fe^Oj FeO MnO CaO MgO KgO NagO ^2°5
BCR1(378) 55.04 13.92 2.19 6 . 0 2 6.89 0.18 6.87 3.27 1.82 3.43 0.37
BCR1 55.28 13.90 2.19 5.95 6.81 0.18 6.93 3.16 1.79 3.44 0.36
BCRl(Given) 55.05 13.79 2.26 6.04 6.92 0.19 7.02 3.32 1.69 3.35 0.37
AGV1(378) 60.35 17.43 1.08 3.13 3.59 0 . 1 0 5.07 1.48 3.08 4.20 0.49
AGVl 60.25 17.31 1.07 3.22 3.69 0 . 1 0 5.04 1.58 3.07 4.18 0.49
AGVl(Given) 60.36 17.40 1 . 1 1 3.05 3.50 0.09 5.09 1.53 2.96 4.43 0.49
GSPK378) 67.79 15.39 0.69 1.98 2.27 0.04 2.14 1.09 5.44 2 . 8 8 0.29
GSPl 67.79 15.35 0 . 6 8 1.92 2 . 2 0 0.04 2.13 1.17 5.43 3.01 0.29
GSPl(Given) 68.05 15.40 0.67 1.93 2 . 2 1 0.04 2.04 0.97 5.59 2.83 0.28
G2(37C) 69.84 15.71 0.50 1.19 1.36 0.03 1.69 0.93 4.60 4.00 0.15
G2 69.69 15.58 0.50 1.17 1.34 0.03 2 . 0 2 0 . 8 6 4.56 4.10 0.14
G2(Given) 69.45 15.48 0.51 1.42 1.63 0.03 1.95 0.77 4.54 4.09 0.14
PCC1(378) 44.28 0.73 0 . 0 0 3.85 4.42 0 . 1 2 0.53 46.06 0 . 0 0 0 . 0 0 0 . 0 0
PCCl 44.48 0.76 0 . 0 0 3.87 4.43 0 . 1 2 0.54 45.79 0 . 0 0 0 . 0 0 0 . 0 0
PCCl(Given) 44.26 0.78 0 . 0 2 4.03 4.61 0.13 0.54 45.61 0 . 0 1 0 . 0 1 0 . 0 0
Table 8b. Values for U.S.G.S. standards run as unknowns with study 
area samples. All analyses normalized on a vo latile-free  
basis, with Fe recorded as 44Ï and 56% FeO.
( I ) ( 1 1 )
siOg 72.08 73.66
TiOg 0.37 0 . 2 2
AigOa 13.86 13.45
FeO 2.53 2 . 0 0
MnO 0.06 0.03
MgO 0.52 0.32
CaO 1.33 1.13
Na.O 3.08 2.99
4 0 , 5.46 5.35
HgO* 0.53 0.78
PgOg 0.18 0.07
Total 100.00 100.00
( I )  ave. calc-alk granite
( I I )  ave. calc-alk rhyolite 
+ rhyolite-obsidian
Table 8c. Chemical compositions of average calc-alkaline granite 
and rhyolite ♦ rhyolite-obsidian. Values from 
Nockolds, 1954.
22A 1768 54A 83A 303A 66A 70A 260A 279A 85A 106A 146C
Q uartz 39 .97 4 0 .7 5 31 .2 0 38 .53 37 .27 28 .47 41 .1 8 19 .46 32 .8 6 3 7 .88 3 9 .46 4 4 .7 5
Corundum 1 .4 9 1 .2 3 1 .3 9 1 .4 2 1 .5 0 2 .1 7 2 .9 3 1 .4 9 1 .9 5 1 .6 9 2 .2 2 3 .0 2
O rthoc lase 34 .98 29.01 30 .14 31 .08 28 .84 28 .4 8 34.21 43 .96 3 0 .43 28 .1 3 29 .13 2 9 .7 8
A l b i t e 20 .39 24 .96 27 .33 27 .16 25 .64 30.21 10 .83 26 .57 25 .98 29 .02 25 .4 7 19 .97
A n o r th i te 0 .9 8 2 .4 9 6 .64 0 .8 5 4 .3 2 6 .77 7 .6 3 4 .8 6 5 .26 1 .1 7 1 .5 8 1 .7 2
E n s t a t i t e 0 .5 0 0 .47 1 .02 0 .2 2 0 .9 7 0 .57 1 .1 0 1 .07 1 .1 5 0 .3 2 0 .4 2 0 .3 0
F e r r o s i1i t e 0 .5 2 0 .2 4 0.51 0.21 0 .4 8 1 .0 9 0 .4 7 0 .5 8 0 .6 2 0 .5 7 0 .4 7 0 .0 4
M agnetite 0 .8 0 0 .4 9 1 .03 0 .3 0 0.71 1.61 0 .97 1 .1 7 1 .0 9 0 .8 4 0 .8 4 0 .1 9
I lm e n i te 0 .2 5 0 .2 5 0.51 0.11 0 .2 3 0 .4 2 0 .4 9 0 .5 5 0 .4 6 0.21 0 .3 0 0 .1 5
Hematite — — ■* • •  — — ^ — — w  w — — w  * B  — ta ta ta ta
R u t i le — ^ — — — — •  to M — «  1W S  V — w M * ta ta ta ta
A p a t i te 0 .1 2 0 .0 9 0.21 0 .0 9 0 .0 5 0 .1 9 0 .1 7 0 .2 6 0.21 0 .0 7 0 .1 2 0 .0 7
159A 206A 253C 269A 2708 283A 286A 293A 7 0 A ( re p . )  2 6 0 A (re p . )
Quartz 28 .3 9 34 .67 40 .74 53.81 34 .78 11 .75 39 .83 37 .78 39 .56 1 9 .95
Corundum 1 .9 3 1 .3 0 3 .0 8 4 .2 9 5 .84 1 .7 6 1 .12 2 .0 3 2 .8 5 1 .5 8
O rthoc lase 34 .92 2 9 .25 28 .30 37 .76 39 .18 33 .15 2 8 .48 3 5 .22 35 .10 43 .7 9
A l b i t e 3 0 .54 29.61 16 .16 3 .38 6 .9 4 35 .03 29 .02 2 2 ,08 12 .10 2 5 .89
A n o r th i te 0 .8 6 2 .9 9 9 .3 6 — — •  — 10.34 — 0 .5 6 7 .0 6 4 .8 9
E n s ta t i  te 0 .4 0 0 .5 2 0 .7 0 0 .5 0 5 .4 0 1 .1 0 0 .5 0 0 .7 0 1 .2 2 1 .34
F e r o s i l i t e 0 .8 8 0.51 0.31 — — 1 .83 1 .59 0 .3 3 0 .57 0 .4 8 0 .6 0
M agnetite 1 .42 0 .7 8 0 .7 5 — — 3 .54 3 .1 3 0.51 0 .8 0 0 .9 9 1 .17
I lm e n i te 0.51 0 .2 5 0 .4 6 0.21 1 .5 8 1 .4 8 0 .1 5 0 .17 0 .4 9 0 .5 5
Hem atite — — — — — — 0 .07 — — - - "  — W ta
R u t i le — — — — — 0 .0 3 •  — — ■“ — — — — «■ — ta ta
A pati  te 0 .1 4 0 .0 9 0 .1 2 0 .0 9 0 .9 0 0 .6 6 0 .0 9 0 .0 9 0 .1 4 0 .2 4
T ab le  8d. Normative m inerai c o n te n t ,  1n w eight %, o f  study area samples; analyses l i s t e d  in  T ab le  8a .
00
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Figure 21. S i l ic a  percentages o f analysed samples. Values from Table B
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coarse-grained p lu to n ic  rocks o f  the Tg u n it  which by v ir tu e  o f  t h e i r  
s i l i c a  contents would be c la s s i f ie d  as gran ites . This is  substantiated 
by the re s u lts  o f  p o in t counts.
The remaining f i f t e e n  f e ls ic  rocks consist o f  extrus ive flows and 
t u f f s ,  and p o rp h y r i t ic  in t ru s iv e  dike rocks. Of these, two contain 
s i l i c a  in  the range 65-72%, f iv e  contain 72-76% s i l i c a ,  and e igh t con­
ta in  s i l i c a  in  excess o f  76%. These d iv is ions  correspond to the 
"quartz l a t i t e " ,  " lo w -s i l ic a  r h y o l i t e " ,  and " h ig h -s i l ic a  rh y o l i te "  
categories used by Byers and others (1976) fo r  rocks o f  the Timber 
Mountain-Oasis Valley caldera complex o f  southern Nevada. There is  
considerable disagreement in  the l i t e r a tu r e  regarding the meaning o f  
the term "quartz  l a t i t e " .  In o lde r c la s s i f ic a t io n s ,  "quartz la t i t e "  
re fers to  a f e l s i c  vo lcanic rock contain ing plagioclase as 1/3 to 2/3 
o f  the to ta l  fe ldspa r and having greater than 10% quartz (Peterson, 1961) 
However, Streckeisen (1979) has recen tly  redefined "quartz l a t i t e "  to 
mean a vo lcan ic  rock contain ing these same proportions o f  a lk a l i  and 
plag ioclase fe ld spa rs , but having 5-20% modal quartz. In order to avoid 
confusion in  nomenclature, those rocks containing s i l i c a  in the range 
65-76% are re fe rred  to in  th is  report as " lo w -s i l ic a  rh y o l i te s "  and 
those con ta in ing  greater than 76% s i l i c a  are ca lled  "h ig h -s i l ic a  
rh y o l i te s " .  Figure 22 shows a l l  f i f te e n  low- and h ig h -s i l ic a  rh yo l i te s  
p lo tte d  on Church's (1975) t r i a x ia l  c la s s i f ic a t io n  diagram fo r  volcanic 
rocks.
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Figure 22. Composition o f  high- and lo w -s i l ic a  rh yo l i te s  o f  the Castle Rock volcanics. 
Table 8  ( c la s s i f ic a t io n  o f  Church, 1975).
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Examination o f  Table 8  reveals an in te re s t in g  compositional d is ­
t in c t io n  between the hypabyssal, p lu to n ic ,  and volcanic rock-groups.
A l l  s ix  hypabyssal rocks contain greater than 76% s i l ic a - - th e y  are 
a l l  h ig h -s i l ic a  rh y o l i te s ,  as might be expected from l i th o lo g ie s  
representing the h ig h ly -d i f fe re n t ia te d  "cap" o f a g ra n i t ic  p luton. Both 
coarse-grained g ran ite  samples contain less than 76% s i l i c a .
In con tra s t to the f a i r l y  re s tr ic te d  range o f s i l i c a  contents ex­
h ib ite d  by the hypabyssal rocks, the extrus ive  rh y o l i te s  show a range 
o f s i l i c a  values from 78.5% to 69.2%. Such v a r ia b i l i t y  might re s u l t  
from several fa c to rs ,  inc lud ing : ( 1 ) o r ig in a l s i l i c a  va r ia t ions  w ith in  
the magma chamber. Tapping d i f fe re n t  leve ls  o f a compositionally-zoned 
magma chamber could produce d i f fe re n t  s i l i c a  contents in  the resu ltan t 
vo lcan ic rocks (Smith, 1960; Lipman and others, 1966; H i ld re th ,  1979; 
Smith, 1979). The same e f fe c t  would fo l lo w  from tapping the same level 
in  the magma chamber, but a t d i f fe re n t  times. ( 2 ) varying amounts and 
species o f  phenocryst minerals in  the volcanic rocks. Crystal s e t t l in g  
and inco rpo ra t ion  o f xenocrysts could produce eruptive rocks have a 
range o f  compositions. (3) post-e rup tive  processes such as flow-concen- 
t ra t io n  and density  s o r t in g .  These mechanisms would a f fe c t  the phenocryst 
content o f  the rocks, and as a consequence, th e i r  chemical composition 
as w e l l .  ( 4 ) v a r ia b i l i t y  in po ros ity  and perm eability  o f  the volcanic 
rocks. As a r e s u l t ,  th e i r  s u s c e p t ib i l i t y  to a l te ra t io n  and leaching of 
various cons tituen ts  would likew ise  be h igh ly  i r re g u la r .  As a c o ro l la ry ,  
the hypabyssal rocks show a t ig h t  grouping w ith  respect to th e i r  contents
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o f s i l i c a  and many o f the other oxides; th is  could fo l lo w  from th e ir  
un ifo rm ly  dense nature and consequently enhanced resistance to a l te ra t io n  
This to p ic  is  discussed fu r th e r  below.
Figure 23 is  a va r ia t io n  diagram o f s i l i c a  p lo tted  against nine 
o ther oxides fo r  the eighteen re l ia b le  analyses given in  Table 8 . 
Replicate samples and U.S.G.S. standards were not p lo tte d . Elements 
which form l in e a r  trends on such diagrams are considered to have a common 
d e r iv a t io n  along the l iq u id  l in e  o f descent (Wilcox, 1979; Hyndman, ms)-- 
ie ,  they are cogmamatic. Inspection o f Figure 23 shows th a t fo r  T i0 2 , 
A I2 O3 , FeO^°^, MnO, and P2 O5  the in t ru s iv e  and extrusive rocks p lo t  on 
ju s t  such a t ig h t  l in e a r  trend.
In c o n tra s t,  the p lo ts  fo r  MgO, CaO, Na2 0 , and K2 O show moderate 
f i t  f o r  the hypabyssal rocks, but considered sca tte r  fo r  the volcanic 
samples. The p lo t  o f  K2 O versus s i l i c a  forms an e ss e n t ia l ly  f l a t  l in e ,  
w ith  v i r t u a l l y  no c o r re la t io n  between K2 O content and s i l i c a  per­
centage.
I be lieve th a t the lack o f t ig h t  f i t  on these fou r va r ia t io n  
diagrams is  best explained as the re s u l t  o f  syn- or post-emplacement 
hydrothermal a l te ra t io n ,  which a ffec ted  the porous volcanic rocks to a 
g reater degree than th e i r  denser in t ru s iv e  equiva lents.
Discussion o f A l te ra t io n  Mineralogy and Reactions
Hydrothermal a l te ra t io n  is e s s e n t ia l ly  a metasomatic process in ­
vo lv ing  the add it ion  and removal o f constituents  from a rock and i t s
Figure 23. V a r ia t io n  diagram. Values from Table 8
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minera ls. In p a r t ic u la r ,  hydrogen metasomatism involves the add it ion  
o f  H+ ions to a rock and the concomitant release o f  a mole-equivalent 
amount o f  base-metal cations (Meyer and Hemley, 1967). In general, 
hydrothermal f lu id s  re a d i ly  and ex tens ive ly  deplete near-source 
regions in  magnesium, calcium, and sodium; aluminum is  r e la t iv e ly  
immobile, and s i l i c a  and potassium contents may increase. The more- 
mobile elements are p re c ip ita te d  in  areas fa r th e r  away from the f l u id  
source (Hemley and Jones, 1964; Meyer and Hemley, 1967). The behavior 
o f  iron  is  q u ite  va r ia b le ,  but fo r  the most part Fe is  oxidized and 
remains w ith  the a lte red  materia l instead o f  being ca rried  away in 
so lu t ion  (Krauskopf, 1979, p. 83). I t  is  best to remember tha t these 
changes in  base-metal content may be e i th e r  re la t iv e  or absolute; thus 
an apparent increase in  any given constituen t may simply be a re f le c t io n  
o f  i t s  re la t iv e  s t a b i l i t y  in contrast to the m o b i l i ty  o f  the other 
cations.
Pétrographie examination o f  rocks from the study area, inc lud ing  
those l is te d  in Table 8 , reveals the fo l lo w in g  evidence o f  f a i r l y  per­
vasive a l te ra t io n ,  the in te n s i ty  o f  which may be h igh ly  va r iab le :
( 1 ) s e r ic i t iz a t io n  o f  p lagioclase
( 2 ) c h lo r i t iz a t io n  o f  b io t i t e
( 3 ) formation o f  secondary ca rbona te --p r im arily  as a replacement 
o f  p lag ioc lase , but ra re ly  o f  a lk a l i  fe ldspar as well
( 4 ) a l te ra t io n  o f  both a lk a l i  and plagioclase fe ldspar to c l a y -  
most ex tens ive ly  developed w ith  plagioclase
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(5) d e v i t r i f i c a t io n /a l t e r a t io n  o f  groundmass glass to an 
in tergrow th o f  a lk a l i  fe ldspar and a s i l i c a  mineral
( 6 ) ox ida tion  o f  b io t i t e  to form magnetite and hematite
(7) i ro n -  and manganese-oxide coatings on fra c tu re  surfaces 
These a l te ra t io n  products are typ ica l o f  those found in the
a r g i l l i c - s e r i c i t i c  assemblages formed by in te rm e d ia te - in te n s ity
hydrogen metasomatism (Hemley and Jones, 1964). Representative
reactions are:
(andesine) + ^ ( s e r ic i te )
(a) 0.75Na2CaAl4$ig024 + 2H + k = KAlgSigO^QlOH)^
. .p (quartz)
+ l.BNa + 0.75Ca + SSiOg
( b io t i t e )  + (c h lo r i te )
(b) 2K(Mg,Fe)gAlSi^o^^(OH)g + 4H = A1(Mg,Fe)^AlSi30^Q(0H)g
(andesine) ^ (m ontm orilIon ite) ^
(c) NagCaAl^SigO^o + 4H = 2M^«l2+x^’ 4-x°10^°” ^2 ^ 2"*^ + Ca""
where M = base cation 
Among the fe ldspars, p lag ioclase t y p ic a l ly  breaks down more read ily  
than does potassium fe ldspar (Hemley and Jones, 1964; Krauskopf,
1979, p. 84). The loose bonding o f  sodium and calcium w ith in  the 
m ontm orilIon ite  s truc tu re  fu r th e r  f a c i l i t a t e s  th e i r  removal during 
a l te ra t io n  (Meyer and Hemley, 1967). S e r ic i t iz a t io n  commonly resu lts  
from a net increase in  potassium w ith in  the a lte red  rock; in  add it ion .
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the re s u l t in g  d ioctahedral micas may contain considerable amounts o f  
sodium and magnesium. Remobjlization o f  magnesium also occurs during 
carbonatiza tion  and c h lo r i t iz a t io n .  Reactions (a) and (b) produce by­
product quartz . W ithin the study area, s i l i c i f i c a t i o n  is  espec ia lly  
evident in  the two fo s s i l iz e d  hot springs. Remobilization o f  s i l i c a  is  
also re f le c te d  in  the widespread d e v i t r i f i c a t io n  o f  groundmass glass. 
Groundmass d e v i t r i f i c a t io n  may represent a decrease in the density o f a 
rock from i t s  o r ig in a l glassy sta te . This agrees w ith  the observation 
th a t  a l te ra t io n  products commonly occupy a smaller volume than th e i r  
precursors (Hemley and Jones, 1964; Meyer and Hemley, 1967).
In most igneous rocks, the content o f  potassium shows a sympathetic 
re la t io n  to  th a t  o f  s i l i c a .  This does not apnear to be the case in  the 
analysed samples o f  vo lcan ic , hypabyssal, and p lu ton ic  rocks from the 
study area. As Figure 23 shows, the potassium content o f  these rocks 
varies on ly  from 4.76% to 7.44%, and is  independent o f  s i l i c a  content. 
There are two ways to  account fo r  the potassium values shown in  Figure 23
( 1 ) the potassium values re s u l t  from the o r ig in a l composition o f  the 
l i th o lo g ie s  analysed; or ( 2 ) the potassium content was a lte red during 
p o s t-c rys ta l 1 iz a t io n  metasomatism.
At f i r s t  glance, the f i r s t  p o s s ib i l i t y  seems u n l ik e ly .  A pos it ive  
c o r re la t io n  between potassium and s i l i c a  contents is  a feature o f  most 
igneous rock s u ite s ,  and has even been u t i l i z e d  as a means o f  c la s s ify in g  
d i f f e r e n t  su ites  ( c . f . : Peacock, 1931). Nevertheless, exceptions to 
th is  general ru le  do e x is t :  in  a deta iled  examination o f  the chemistry
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and mineralogy o f  the Bishop T u f f ,  H ild re th  (1979) found th a t potassium 
varied in ve rse ly  w ith  s i l i c a  fo r  h is samples in the range o f  7 5 - 7 7  
weight percent s i l i c a .  I t  is  conceivable, the re fo re , th a t  the f l a t  
curve fo r  potassium in  Figure 23 is  an o r ig in a l feature o f  the rocks.
The second p o s s ib i l i t y  is  th a t  the potassium content re f le c ts  
metasomatic a l te ra t io n  o f  rocks which presumably had o r ig in a l pos it ive  
c o rre la t io n s  between th e i r  potassium and s i l i c a  contents. Uniform 
add it ion  o r subtraction o f  potassium would have sh if te d  the pos it ion  o f  
the o r ig in a l  K2 0 / S i 0 2  curve, but would not have caused the f la t te n in g  
seen in Figure 23. Furthermore, the absolute amount o f  K2 O in  the 
analysed samples averages 5.22%, which is  very close to the value fo r  
Nockold's average ca lc -a lk a l in e  rh y o l i te  (Figure 23; Nockolds, 1954). 
There is  no te x tu ra l evidence fo r  the la te-s tage add it ion  o f  large 
amounts o f  potassium in rocks from the study area. S e r ic i t iz a t io n  o f  
p lag ioclase is  widespread, but is  genera lly  only moderately w e ll-  
developed. The breakdown o f  groundmass glass has produced a fine-gra ined 
in tergrow th  o f  a lk a l i  fe ldspar and a s i l i c a  mineral. This breakdown 
is  ty p ic a l  o f  glassy rocks under normal surface conditions and does not 
requ ire  the add it ion  o f  large amounts o f  potassium to the rock. Pheno- 
c r y s t ic  potassium fe ldspars show no evidence o f  secondary c r y s t a l l i ­
za t io n ; many show resorbed ou tl ines  in d ic a t iv e  o f  an igneous o r ig in .  
Textural evidence fo r  la rge-sca le  leaching o f  potassium is  l ikew ise 
lack ing .
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These considerations suggest tha t the observed K2 O values may 
be due to  a re d is t r ib u t io n  o f  potassium w ith in  the magma p r io r  to 
c r y s ta l l iz a t io n .
Rela tive  to the p o s it ive  slope o f  a typ ica l K2 0 / S i 0 2  v a r ia t io n  
curve, the study area rocks appear to r e f le c t  an add ition  o f  potassium 
to the lower s i l i c a  rocks, and deple tion o f  potassium in the higher 
s i l i c a  rocks. The lower s i l i c a  samples are a l l  from extrus ive volcanic 
rocks, whereas higher s i l i c a  rocks are both extrus ive  and in tru s iv e .  
Perhaps the g ra n i t ic  magma chamber i t s e l f  was compositionally  zoned, 
w ith  an upward concentration o f  S i0 2 , Na2 0 , and v o la t i le s ,  leaving deeper 
leve ls  enriched in K2 O and the more "mafic" oxides ( c . f . :  H i ld re th ,  1979) 
The r e la t i v e ly  low-SiO?, high-K2 0  volcanic rocks may represent d ire c t  
tapping o f  these deeper le ve ls .  La te r, o r possib ly synchronous, tapping 
o f  the more h igh ly  d i f fe re n t ia te d  upper leve ls  would have produced the 
r e la t i v e ly  h igh -S i0 2  , I 0 W-K2 O volcanic and extrus ive  rocks. The bulk 
o f  the vo lcan ic  rocks in  the study area are lava flow-rocks ra the r than 
ash-flow t u f f s ,  presumably re f le c t in g  the low v o la t i le  content o f  the 
deeper-level magma.
Add it iona l analyses o f  samples representing a l l  leve ls  w ith in  the 
magma chamber might reveal more o f  a pattern  to potassium va r ia t io n  than 
is  evident from Figure 23. The above hypothetica l explanation is  
o ffe red  merely as a f i r s t  approximation, and to  ind ica te  an in te re s t in g  
avenue fo r  fu r th e r  research.
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There remains the question o f  the possible source fo r  the a l te ra t io n  
f lu id s .  The re la t iv e  importance o f  magmatic and meteoric waters can 
only be determined by iso to p ic  studies which are beyond the scope o f  
th is  in v e s t ig a t io n .  In any event, the extent and nature o f  the a l te ra t io n  
assemblage would be e s s e n t ia l ly  the same, regardless o f  the f lu id  source.
Summary and Conclusions
The important po ints in  the preceding discussion may be summarized 
as fo l lo w s :
(1) V ar ia t ion  diagrams fo r  T i 0 2 , A I2 O3 , FeO , MnO, and P.O show 
good l in e a r  trends fo r  both in t ru s iv e  and extrusive rocks. Such trends 
are commonly taken as evidence fo r  comagmicity o f  the analysed samples.
(2) The s ca tte r  recorded on the diagrams fo r  MgO, CaO, and NagO 
is  cons is ten t w ith  th a t produced by hydrogen metasomatism. There is  
abundant te x tu ra l and compositional evidence in the rocks fo r  th is  type 
o f  a l te ra t io n .  The f l a t  curve on the v a r ia t io n  diagram fo r  K2 O may 
also be a re s u l t  o f  a l te ra t io n ,  o r  may r e f le c t  o r ig in a l va r ia tions  in 
the g ran ite  magma.
In a d d it ion  to th e i r  close chemical a f f i n i t y ,  the in tru s ive  and 
ex trus ive  rocks in  the study area are coeval, have a s im i la r  mineralogy, 
and occur in close spa tia l p rox im ity . On the basis o f  these four c r i t e r ia ,  
I conclude th a t the two su ites are comagmatic. Measured Sr values o f  
the in t ru s iv e  and extrus ive  rocks are also consis ten t w ith  th e i r  de riva tion  
from a common parent (Robert Fleck, pers. comm., 1980). Based on th e i r  
outcrop d is t r ib u t io n ,  the p o rp h y r i t ic  in t ru s iv e  rocks appear to represent
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the "cap" o f  a zoned, shallow-level g ra n i t ic  pluton. This is  sub­
s ta n t ia te d  by th e i r  h ig h -s i l ic a  rh y o l i te  composition. The extrusive 
rocks show a wide range o f  s i l i c a  contents which may s ig n i fy  th e i r  
d e r iva t ion  from several leve ls  w ith in  the d i f fe re n t ia t in g  magma chamber, 
The ex trus ive  rocks show greater sca tte r  on va r ia t io n  diagrams fo r  Mg, 
CaO, Na20 and K̂ O than do the in t ru s iv e  rocks. This is  probably due to 
th e i r  g rea te r s u s c e p t ib i l i t y  to metasomatic a l te ra t io n .
CHAPTER IV 
STRUCTURE
Four s t ru c tu ra l features provide important information fo r  in te r ­
p re ting  the geologic se tt in g  and evo lu tion  o f  the study area. These 
are (1) the contact between the Castle Rock volcanics and the Pre- 
cambrian q u a r tz i te  country rocks; (2) the contact between the volcanics 
and the epizonal g ran ite  pluton and i t s  re la ted  Tpr dikes; (3) the 
contact o f  the pluton and dikes w ith  the q u a rtz ite s ; and (4) fa u l ts  which 
o f fs e t  a l l  three major l i t h o lo g ie  groups.
Volcanic—Q uartz ite  Contact
Actual bedrock contacts between q u a rtz ite  and e p ic la s t ic  o r  volcanic 
rocks were not seen in the f ie ld .  However, mapping on the basis o f  
rubble in d ica tes  th a t  contacts between these l i th o lo g ie s  are s l ig h t ly  
to s teep ly  in c l in e d . The best exposures are on h i l l  359M and near the 
mouth o f  the creek marking the southwestern boundary o f  the study area 
(Plate 1). The upper surface o f  the q u a rtz i te  is  nearly horizonta l at 
h i l l  359M and dips gently to  the southeast at the creek. Along the 
western margin o f  the area, the q u a r tz i te - -v o lc a n ic  contact appears to 
be f a i r l y  steep, but then f la t te n s  out on the north side o f  the Castle 
Rock Ridge. Contacts between q u a rtz i te  and a small patch o f  volcanic 
and hypabyssal rocks on the ridge east o f  Bare Cone are very steep, and 
could represent the wa lls  o f  a narrow stream va lle y  or a narrow fa u l t
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block. The v e r t ic a l  north-south contact between volcanic rocks and 
q u a r tz i te  in  the eastern h a l f  o f  the area is  in te rp re ted  as a fa u l t  
(see below). Q uartz ite  pebbles and cobbles are a c h a ra c te r is t ic  
feature o f  the e p ic la s t ic  conglomerates and sandstones and also occur in 
some o f  the vo lcanic rocks. The well-rounded nature o f  many o f  these 
c las ts  suggests a period o f  stream transpo rt and abrasion p r io r  to th e i r  
inco rpora tion  in the volcanic rocks.
These outcrop and te x tu ra l features imply th a t the pre-vo lcanic 
landscape may have been one o f  varying topographic r e l i e f ,  w ith  h i l l s  
and ridges o f  q u a rtz i te  separated by stream va lleys. Lahars, lava 
flow s, and ash flows debouching onto th is  landscape would have f i l l e d  in 
the va lleys  and formed she e t- l ike  deposits on the less-dissected surfaces.
G ran ite --V o lcan ic  Contact
Where best exposed, contacts between the volcanic rocks and the 
g ran ite  are e i th e r  subhorizontal (ridges north and northeast o f  Castle 
Rock) o r  nearly  v e r t ic a l  (south o f  Bare Cone). The subhorizontal con­
tac ts  are marked by a prominent topographic ledge o f granite  overla in  by 
rounded, vegetated slopes formed on volcanic rocks (Figure 13). No 
gran ite  c la s ts  were found w ith in  e i th e r  e p ic la s t ic  or extrusive 
vo lcan ic rocks. There is  no evidence, such as the presence o f  grus, to 
suggest development o f  an erosional surface on top o f  the gran ite  p r io r  
to the onset o f  vo lcanic a c t iv i t y .  Moreover, radiometric age deter­
minations on vo lcanic rocks w ith in  the study area and on gran ite  immediately
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to  the northwest show these two l i th o lo g ie s  to be e sse n t ia l ly  coeval 
(Robert Fleck, pers. comm., 1980). Based on these considerations,
I in te rp re t  the coarse-grained granites as in tru s iv e  in to  the compo­
s i t io n a l  l y -  s im i la r  and e ss e n t ia l ly  coeval volcanic rocks. However, 
contact metamorphic e f fe c ts  are absent, apparently due to the low 
v o la t i le  content o f  the in trud ing  g ran ite .
G ran ite --Q uartz ite  Content
Although commonly obscured by vegetation, the contact between these 
two un its  also appears to be subhorizontal in  some places and nearly 
v e r t ic a l  in  o thers. For the most p a r t ,  the g ra n ite - -q u a r tz i te  contact 
does not seem to  be as sharply-defined as tha t between the gran ite  and 
the volcanics. Rather, p lu ton ic  and country rocks are separated by an 
approximately 1 km-wide zone o f  Tpr r h y o l i t i c  and g ra n i t ic  dikes 
(Figure 17a; Plate 1). This feature is  most c le a r ly  seen on the east 
boundary ridge and on the ridge leading north from Bare Cone. Porphy­
r i t i c  Tpr l i th o lo g ie s  show c lear c ro ss -cu tt ing  re la tionsh ips  in quartz ites  
on the upper parts o f  these ridges; lower down most outcrops are o f 
p o rp h y r i t ic  l i t h o lo g ie s ,  but pink coarse-grained gran ite  grus is  
ob iqu itous , and g ran ite  crops out in  a few places. In the southeastern 
corner o f  the area, the t ra n s i t io n  from g ran ite  to both quartz ites  and 
volcanic rocks is  abrupt, w ithout a p o rp h y r i t ic  t ra n s i t io n  zone, a l ­
though a prominent Tpr dike cuts across the g ran ite . This may be a 
f a u l t  (see below). I in te rp re t  the coarse-grained gran ite  as in t ru s iv e  
in to  the q u a r tz i te  country rock. Contact metamorphic e ffe c ts  were not 
observed.
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Faults
S tru c tu ra l features such as fa u l ts  are d i f f i c u l t  to detect w ith in  
the study area, due to the heavy vegetative cover on most slopes.
An exception is  the small northwest-trending normal f a u l t  which o ffse ts  
the upper surface o f  g ran ite  on the ridge northeast o f  Castle Rock 
(Plate 1), On the downthrown northern side o f  the f a u l t ,  the gran ite  
appears to  pass upward in to  p o rp h y r i t ic  dike rocks, which have been 
eroded o f f  the upthrown southern side.
The 4 km-long north-south-trend ing  contact between q u a rtz ite  and 
p o rp h y r i t ic  in t ru s iv e  rocks on the east and g ran ite  and volcanic rocks 
on the west is  in te rp re ted  as a high-angle f a u l t ,  w ith  the west side 
down. The nature o f  the juxtaposed l i th o lo g ie s  north o f  Castle Rock 
Ridge suggests th a t fa u l t in g  may have been synchronous w ith  in trus ion  
o f  the g ra n ite :  east o f  the f a u l t  the p o rp h y r i t ic  "cap" is  present, 
whereas to  the west the r is in g  pluton appears to have stoped i t s  
"cap" and is  in  d ire c t  contact w ith  volcanic rocks (Figure 17a). Out­
crops o f  vo lcan ic  rocks on the downthrown western block terminate 
abrup tly  a t the fa u l t .  The fa u l t  i t s e l f  appears to be cut o f f  by the 
in t ru s iv e (? )  g ran ite  contact in the southeastern corner o f the study 
area.
Volcanic rocks do not crop out north o f  Nez Perce Creek or south
\
o f  Blue J o in t  Creek. This fa c t ,  coupled w ith  the l in e a r i t y  o f  the two 
streams, suggests tha t the study area may occupy a graben downdropped 
between fa u l t s  s itua ted  along each creek. Shearing along an east-west
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trend is  pronounced in  the g ran ite  along Nez Perce Creek near 
Nez Perce Camp. Adjacent to  the study area shearing has not been seen 
in outcrops p a ra l le l  to  Blue J o in t  Creek, but has been noted in  qu a rtz ite  
on the north side o f  the creek southwest o f  the study area (Karen Lund, 
pers. comm., 1979). I t  is  perhaps s ig n i f ic a n t  th a t the trend o f  the 
creek l in e s  up w ith  the in t ru s iv e (? )  g ran ite  contact in  the southeastern 
corner o f  the study area. This contact l ines  up w ith a fa u l t  mapped 
by Berg and Goldberg (1973) which likew ise  juxtaposes q u a rtz ite  against 
g ran ite ; th is  contact in  the study area may a c tu a lly  be a fa u l t .
Outcrops are rare on the south side o f  Blue Jo in t Creek due to  the 
vegetative cover, thus h indering determination o f  s truc tu re .
V e rt ica l displacement o f  the blocks north and south o f  the study 
area must have measured several hundred meters in order to completely 
erode a vo lcanic cover comparable to the 600 m o f volcanic rocks pre­
served in  the possible graben. I f ,  on the other hand, the o r ig in a l 
thickness o f  vo lcan ic rocks had diminished rap id ly  on a l l  sides away 
from the study area, the displacement need not have been so great.
The tim ing o f  th is  hypothetica l fa u l t in g  is  not known. I f  fa u l t in g  
and volcanism were synchronous, then the non-occurrence o f  extrusive 
rocks outside o f  the study area could be ascribed to ponding o f  volcanics
w ith in  the subsiding graben. In such a case, however, the marginal\
fa u l ts  along the creeks might be expected to contain r h y o l i t i c  dikes. 
There is  no evidence th a t  th is  was ever the case. I f  fa u l t in g  post­
dated cessation o f  vo lcanic and p lu ton ic  a c t i v i t y ,  then the nonoccurrence
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o f  vo lcan ic  rocks outside o f  the graben might be due p r im a r i ly  to th e i r  
removal by eros ion, coupled w ith a possible lesser o r ig in a l thickness 
in  these areas.
In te rp re ta t io n  o f  Structures
In summary, the s tru c tu ra l re la tionsh ips  o f  the three major 
l i t h o lo g ie  groups— p lu ton ic  rocks, volcanic rocks, and q u a r tz i te —document 
the fo l lo w in g  generalized sequence o f  events:
(1) extrus ion and deposition o f  r h y o l i t i c  lava flows and sub­
ordinate p y ro c la s t ic  and e p ic la s t ic  rocks onto a qu a rtz ite  surface 
having va r iab le  topographic r e l i e f .  Possible sources fo r  the volcanic 
rocks are discussed in  Chapter V, but may have been the f issures now 
occupied by the Castle Rock plug and dikes.
(2) in tru s io n  o f  the epizonal pluton in to  both the q u a rtz ite  
country rocks and the recently-erupted volcanics. Contact re la t io n ­
ships show th a t the pluton had a box- l ike  shape, w ith an e sse n t ia l ly  
f l a t  top and s t ra ig h t ,  v e r t ic a l  s ides. As load-pressure decreased, 
more v o la t i le - r ic h  magma at the top o f  the r is in g  pluton shot out in to  
the b r i t t l e  host rocks to form the p o rp h y r i t ic  "cap".
Box-like  shapes such as these are a common feature o f  h igh-leve l 
g ra n i t ic  plutons in  subvolcanic caldera environments around the world 
( H i l l s ,  1959; Branch, 1967; P itche r, 1978, 1979). In such environments, 
the g ran ite  in trudes p r im a r i ly  by stoping and engulfing large blocks 
o f  ove r ly ing  b r i t t l e  country rock. A dramatic example o f  th is
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mechanism is  seen in  the Coastal b a th o l i th  o f  Peru. Here " b e l l - j a r ­
shaped", s t r u c tu r a l ly  is o t ro p ic ,  epizonal plutons rose to w ith in  
3 to  8 km o f  the surface, accomplishing th e i r  r ise  by stoping 
blocks o f  country rock and comagmatic volcanic rocks from the over- 
ly in g  caldera sequence (P itcher, 1978). In these p lutons, the t ra n s i ­
t io n  from steep w a lls  to  f l a t  roo f t y p ic a l ly  occurs w ith in  a v e r t ic a l 
distance o f  50 m (Myers, 1975).
There is  evidence tha t the g ran ite  pluton in th is  study reached i t s  
present p o s it io n  v ia  th is  same mechanism. Apparent foundered blocks 
o f  q u a r tz i te  in  gran ite  have been mapped immediately west and south 
o f  the study area (Karen Lund and Fe lix  Mutschler, pers. comm., 1979); 
reconnaissance mapping by the author shows th a t  they may also be 
present immediately to the north. In the centra l part o f  the study area, 
the p o rp h y r i t ic  "cap" o f  the pluton is  missing; possib ly upwelling 
magma from beneath stoped the a lre a d y -s o l id i f ie d  p o rp h y r i t ic  carapace, 
juxtaposing coarse-grained gran ite  immediately against a roof o f 
recen tly -e rup ted  vo lcanic rocks (Figure 17a).
The Peruvian volcano-p lutonlc complexes formed w ith in  a subduction- 
dominated continenta l margin se t t in g .  S im ila r  in tru s iv e  re la tionsh ips  
are ex tens ive ly  developed in  continenta l in t e r io r  environments as w e ll.
In 1967, Hamilton and Myers proposed th a t  the Boulder b a th o li th  o f
/
Montana had r isen  in to  a roof o f  comagmatic and coeval volcanic rocks. 
More-recent studies o f  the Boulder b a th o l i th  and i t s  re la ted volcanic
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rocks have revealed the probable existence o f  several caldera s tructures 
(W. R. Greenwood, i j i  Hyndman and o thers, 1980). S im i la r ly ,  a strong 
negative Bouguer g ra v i ty  anomaly which underlies the San Juan volcanic 
f i e ld  o f  southwestern Colorado is  in te rp re ted  as an expression o f  a 
shallow underly ing g ra n i t ic  b a th o l i th  (P lo u f f  and Pakiser, 1972). The 
sequential development o f  the several San Juan calderas is  believed to 
r e f le c t  the progressive emplacement o f  the d i f fe re n t  h igh-leve l plutons 
o f  th is  composite b a th o l i th  (Steven and Lipman, 1976), each pluton 
r is in g  in to  a cover o f  s l ig h t ly  o lder comagmatic volcanic rocks. The 
same conclusion was reached by Elston and others (1976) fo r  the ex­
tensive Mogollon-Datil vo lcanic f i e ld  o f  southwestern New Mexico, which 
they in te rp re te d  as overly ing  a composite g ra n i t ic  pluton 125 km in 
diameter. The cen tra l plutons o f  g ra n i t ic  r ing  complexes such as those 
o f  northern N igeria (Jacobson and o the rs , 1958) may represent the root 
zones o f  s im i la r  calderas whose volcanic complement has been almost 
e n t i r e ly  eroded o f f .
Thus, the general con fig u ra t io n , o f  an epizonal g ra n i t ic  pluton 
fo rc ib ly  in tru d in g  i t s  coeval and comagmatic volcanic cover, is  one 
which f inds  c h a ra c te r is t ic  expression in both continenta l margin and 
continenta l in t e r i o r  caldera environments. I propose th a t  the volcano- 
pl u ton ic associa tion described in th is  study formed w ith in  such a 
caldera environment during Eocene time. This conclusion is  based on 
the fo l lo w in g  observations:
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(1) The vo lcan ic  rocks in the study area consist o f  r h y o l i t i c  
lava f low s , ash-flow t u f f s ,  and subordinate a i r f a l l  and e p ic la s t ic  
m ater ia l.  L ith o log ies  o f  th is  type c h a ra c te r is t ic a l ly  erupt from or 
are associated w ith  calderas s itua ted  above shallow g ra n i t ic  magma 
chambers (Smith, 1979; Stevens and Lipman, 1976; Chapin and Elston,
1979).
(2) W ith in the study area, the volcanic rocks are intruded by a 
coeval, comagmatic epizonal g ran ite  pluton. The pluton is  box-shaped, 
w ith  steep sides and an e s s e n t ia l ly  f l a t  roof. I t  appears to have 
risen by stoping large blocks o f  the overly ing  q u a rtz ite  and volcanic 
rocks. Plutons demonstrating th is  geometry and s ty le  o f  in trus ion  have 
been in te rp re te d  as a c h a ra c te r is t ic  feature o f  caldera environments; 
th e i r  in t ru s io n  occurs r e la t iv e ly  la te  in the caldera cycle.
(3) The Castle Rock volcanics are probably co rre la t iv e  w ith  the 
C ha ll is  Volcanics o f  centra l Idaho. Detailed mapping o f  the C ha llis  
f ie ld  has delineated a t lea s t one caldera (B.F. Leonard, _Ln Cater and 
o thers, 1973); fu r th e r  in ves tiga t ions  w i l l  undoubtedly reveal the presence 
o f  several more (Siems and Jones, 1977). During Eocene time the study 
area was thus located w ith in  a region te c to n ic a l ly  favorable fo r  
caldera formation.
In the f in a l  chapter, the geologic se tt in g  and evo lu tion  o f  the 
study area are discussed in the context o f  th is  proposed caldera en­
vi ronment.
CHAPTER V 
DISCUSSION
General Features o f  Calderas
The term "ca ldera" is  used here in  the sense o f W illiams' (1941) 
d e f in i t io n  o f  "co llapse ca ldera"--a  more-or-less c i r c u la r  volcanic 
depression which re su lts  from the withdrawal o f  magma at depth. Such
withdrawal may be achieved by voluminous extrusion o f  lava or
p y ro c la s t ic  m a te r ia l ,  or by a combination o f  both.
The concept o f  a caldera cycle provides a model to  explain the
spa t ia l and temporal re la tionsh ips  observed between certa in  fe ls ic  to 
in termediate vo lcanic rocks and th e i r  in t ru s iv e  equivalents. Smith 
and Bailey (1968) provided the f i r s t  e luc ida tion  o f  th is  concept in a 
synthesis o f  the ava ilab le  data on e igh t major calderas, most o f  them 
located in  the western United States. They proposed a seven-stage 
cycle o f  vo lcan ic , s t ru c tu ra l ,  sedimentary, and p lu ton ic  events. Few 
calderas demonstrate a l l  stages o f  a c t i v i t y ,  but as a whole the cycle 
shows wide a p p l ic a b i l i t y .  B r ie f ly ,  these stages are:
( I )  regional tumescence cons is t ing  o f  broad upwarping in response 
to increas ing  magma pressure in a d i f fe re n t ia t in g  epizonal g ra n it ic  
melt.
( I I )  explosive pyroc las t ic  eruption o f  m a te r ia l,  espec ia lly  ash 
f low s , from the upper portion o f  the magma chamber.
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( I I I )  c o l1 apse o f  the volcanic e d if ic e  to  form a s tru c tu ra l 
ca ldera; th is  stage may overlap considerably in time w ith  stage ( I I ) .
(IV ) post-co llapse sedimentation, perhaps accompanied by minor 
volcanism. Avalanches from the wa lls  p a r t ia l l y  f i l l  the caldera 
depression; lakes may also form.
(V) resurgent doming due to r ise  o f  the centra l subvolcanic 
p lu ton. Possible vo lcanic a c t i v i t y ,  and continued caldera f i l l i n g .
(V I) major r in g - f ra c tu re  volcanism, espec ia lly  lava flows and domes, 
and possib le stoping by the centra l p luton. Continued caldera f i l l i n g .
(V I I )  term inal fu rm aro lic  and hot springs a c t iv i t y  w ith  
accompanying hydrothermal a l te ra t io n  and possible m inera liza tion .
C ry s ta l l iz a t io n  o f  the subvolcanic p lu ton , and erosion o f  the topo­
graphic caldera.
Subsequent work has made m odifications to th is  sequence, while 
preserving i t s  essentia l fea tures. In the extensive San Juan volcanic 
f i e l d ,  Steven and Lipman (1976) found a close co rre la t io n  between the
volume o f  erupted materia l and the type as well as size o f  caldera
3
struc tu re  formed. Large volume (>500 km ) eruptions produced w e ll-  
developed calderas which resurgently  domed sh o rt ly  a f te r  subsidence. 
Smaller-volume eruptions produced e i th e r  no collapse at a l l ,  o r only 
a one-sided "trapdoor" s ty le  o f  subsidence. V i r tu a l ly  none o f  the 
smaller calderas in  the San Juan f ie ld  show evidence o f  post-collapse 
resurgence.
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The Study Area W ithin a Caldera Setting
In the preceding chapter I proposed tha t during Middle Eocene 
tim e, approximately 46 m.y. B.P., the study area was located in  the 
region o f  a caldera. Because o f  i t s  age and i t s  location  in  an area 
which was ex tens ive ly  g lac ia ted during the Pleistocene, and which is 
now heav ily  fo res ted , any topographic expression o f  th is  hypothetical 
caldera has long since been removed or obscured. Any argument fo r  i t s  
existence must therefore  be made on the basis o f  observable s truc tu res , 
l i t h o lo g ie s ,  and age re la tionsh ips . In th is  section I o f fe r  two models 
fo r  the possib le  caldera " fac ies "  represented by the study area.
Model I — Caldera-margin sequence. Most o f  the volcanic rocks w ith in  
the study area were emplaced as lava flow s; th is  includes rocks mapped 
as I l f ,  Tmf, and most o f  the Tvc u n it .  Pyroc las tic  material comprises 
only the I t  a i r f a l l  t u f f  and a minor amount o f  the Tvc l i th o lo g ie s .  
Another s ty le  o f  emplacement is  represented by the in tru s ive  rh y o l i te  
o f  Castle Rock, which forms a plug and three dikes. The nearby por­
p h y r i t i c  rh y o l i te  o f  Steep H i l l  (P late 2) appears to  be a s im i la r  in ­
tru s ive  body. A review o f  several major calderas in the western 
United States (Smith and others, 1961; Smith and Bailey, 1968; Byers 
and o the rs , 1976; Steven and Lipman, 1976) shows th a t th is  association 
o f  r h y o l i t i c  lava flows and in tru s ive  plugs and dikes most ty p ic a l ly  
occurs as a post-co llapse caldera-margin sequence. Model I in te rp re ts  
the study area as th is  type o f  caldera " fa c ie s " .  As such, the study 
area is  on ly  pa rt o f  a postulated caldera s truc tu re  which extends
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eastward to  beyond Painted Rocks Lake on the West Fork o f  the B i t t e r ­
roo t River (Figure 24).
Published descrip tions o f  the geology east o f  the study area 
(F isk , 1969; Berg, 1973; Winegar, 1973; Berg, 1977; Badley, 1978) 
and reconnaissance inves tiga t ions  by the author around Took, S la te , 
Overwich, Hughes, and S a lt  creeks provide te n ta t ive  substantia tion  fo r  
th is  hypothesis. The volcanic sequences immediately east and south o f  
Painted Rocks Lake appear to contain s ig n i f ic a n t ly  more ash-flow t u f f  
materia l than is  found w ith in  the study area. L itho log ies found be­
tween the lake and the study area include extrusive volcanic rocks, 
e p ic la s t ic  deposits , and an in tru s ive  (?) p o rp h y r it ic  rh y o l i te .  Of 
p a r t ic u la r  in te re s t  is  an unusual breccia contain ing c lasts  o f  por­
p h y r i t i c  rh y o l i te  t u f f ( ? )  and q u a rtz i te .  This l i th o lo g y  crops out both 
east and west o f  Painted Rocks Lake, and could represent caldera- 
collapse breccias formed as material avalanched o f f  the caldera walls  
during collapse ( c . f . :  Lipman, 1976). In p a r t ic u la r ,  extremely coarse 
"megabreccias" produced during i n i t i a l  collapse should be present near 
the base o f  a deeply-eroded caldera sequence (Lipman, 1976). On the 
basis o f  flow-banding in  volcanic rocks, Winegar (1973) proposed a 
possib le vent area on Thunder Mountain, southeast o f  Painted Rocks 
Lake. A zone o f  high-angle fa u l ts  extends along the West Fork o f  
the B i t te r ro o t  River (Berg, 1973, 1977). Berg (1977) f e l t  tha t th is  
fa u l t in g  may have pre-dated volcanism, but h is hypothesis has not been 
v e r i f ie d .  Possib ly, fa u l t in g  and volcanism were synchronous, w ith  both 
re la ted  to  caldera development.
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Figure 24. Sketch map o f  Model I caldera
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Volcanic rocks are not continuously exposed in the areas around 
Painted Rocks Lake. Rather, they crop out in  four d iscrete areas: 
around Took Creek; between Mine and Crandell creeks; around S late, 
Overwich, and Coal creeks; and between Hughes and Salt creeks. In te r ­
vening rocks are Precambrian q u a rtz ite  and coarse-grained epizonal 
g ran ite . The ju x ta p o s it io n  o f  these three major l i th o lo g ie  groups is  
probably due to  the same combination o f  fa u lte d ,  in t ru s iv e ,  and depo- 
s i t io n a l  re la t ion sh ip s  proposed fo r  these groups w ith in  the study area. 
These re la t ion sh ip s  might be expected in the roots o f  a caldera, where 
foundered blocks o f  the qu a rtz ite  and volcanic roof have been stoped 
or in truded by the r is in g  subvolcanic pluton.
There is  adm itted ly  l i t t l e  gross s tru c tu ra l evidence to support 
the Model I in te rp re ta t io n .  This may not pose a s ig n i f ic a n t  problem. 
Because o f  extensive erosion and the present vegetative cover, an Eocene 
ca ldera, i f  present, might expectedly have no topographic expression 
today. Furthermore, the s tru c tu ra l boundary o f  a collapsed caldera can 
be a f a i r l y  subdued fea tu re : the boundary o f  the Lake C ity  caldera in  
the San Juan f ie ld  is  nearly everywhere a s ing le  f a u l t ,  marked by only 
a meter or so o f  gouge and minor hydrothermally a lte red  rock (Steven 
and Lipman, 1976). The distance from Castle Rock to the east side o f  
Painted Rocks Lake is  s l ig h t l y  over 13.5 km. This distance is  com­
parable to  the diameter o f  many o f  the San Juan calderas, inc lud ing  the 
Lake C ity  s tru c tu re  (Figure 25). According to Model I ,  however, the 
vo lcan ic  rocks east o f  Painted Rocks Lake represent an in tra -ca lde ra
odel n caldera (this study)
Model I caldera (this study)
outline of 
San Juan volcanic field
outlines of San Juan calderas 
0 50
km
Figure 25. Size comparison o f proposed calderas from th is  study 
w ith  those o f the San Juan volcanic f i e ld ,  
southwestern Colorado (Steven and Lipman, 1976).
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sequence; the eastern boundary o f  the Model I caldera would thus l i e  
an unknown distance fa r th e r  to the east. The la rge r the postulated 
diameter o f  the Model I ca ldera, the greater the l ike l ih o o d  tha t i t s  
collapse s truc tu res  should be v is ib le  today.
The sequence o f  events in Model I can be stated in  terms o f  Smith 
and B a i le y 's  (1968) seven-stage caldera cycle (Figure 26):
( I )  regional tumescence (recogn it ion  o f  th is  stage requires 
regional in ve s t ig a t io n s  beyond the scope o f  th is  study).
( I I )  explosive p y ro c la s t ic  e rup tion , centered east o f  the study 
area around Painted Rocks Lake.
( I I I )  co llapse , also centered east o f  the study area.
(IV) post-co l lapse caldera-margin volcanism to give the flows and 
lesser pyrocl a s t ic  rocks o f  the T l f ,  Tmf, T t ,  and Tvc u n its ;  in te r ­
bedded w ith  the upper pa rt o f  the l a t t e r  are the sedimentary rocks o f  
the Ttc u n it .
(V) resurgent doming would not be expected in  a caldera o f  th is  
s ize (but see V I, below).
(VI) r in g - f ra c tu re  volcanism, represented by in trus ion  o f  the 
rh y o l i te  o f  Castle Rock and possib ly the rh y o l i te  o f  Steep H i l l .  At 
about the same tim e, the subvolcanic pluton rose in to  the roots o f  the 
vo lcan ic  sequence, stoping several blocks o f  i t s  volcanic and q u a rtz ite  
ro o f  in  the process. The trend o f  the Castle Rock plug and dikes is  
transverse to  th a t  expected fo r  a fra c tu re  system concentric about the 
Painted Rocks Lake region. Very s l ig h t  doming accompanying the gran ite
1) STAGES I  -  n
KM
(approx. scale)
2 ) STAGES n i -  E POST-COL LAPSE VOLCANICS
EPICLASTIC ROCKS
3 ) STAGES Z - V H
Fiqure 26. Stages in  the evo lu tion  o f  Model I ca ldera, seen in 
cross section along l in e  A—A ';  l i th o lo g y  symbols 
same as in Figure 24.
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in t ru s io n  might have produced frac tu res  roughly perpendicular to the 
caldera margin (Smith and Ba iley , 1968; Steven and Lipman, 1976) 
through which the magma penetrated.
(V I I )  term inal hot springs a c t i v i t y  is  ind icated by two outcrops 
in  the area; widespread hydrogen metasomatism probably began during 
stage VI.
Model I I--S m a ll ca ldera. The study area measures approximately 
5 by 10 km. This area is  several orders o f  magnitude smaller than 
th a t encompassed by the source calderas fo r  most major ash-flow 
eruptions (Smith, 1979). On the other hand, several o f  the smaller 
San Juan calderas are only 5-15 km in diameter (Figure 25; Steven and 
Lipman, 1976) and the Red H i l l  caldera in southwestern Utah measures 
only 1,200m across (Cunningham and Steven, 1979). As noted above, such 
smaller calderas tend to e x h ib i t  a one-sided "trapdoor" s ty le  o f 
subsidence; they are fault-bounded on three sides, but have only a 
monoclinal f le xu re  on the fou rth  (Steven and Lipman, 1976). Formation 
o f  r in g -d ike s  appears to  be incomplete at best in  these smaller calderas- 
in t ru s iv e  plugs or dikes are present at only a few places along the 
s t ru c tu ra l margins o f  both the Ute Creek and S ilve rton  calderas 
(Steven and Lipman, 1976) and appear to be e n t i re ly  absent from the 
Cochetopa Park and Red H i l l  calderas (Steven and Lipman, 1976;
Cunningham and Steven, 1979). I f  the study area is  i t s e l f  a small 
ca ldera, i t  should e x h ib i t  s im i la r  c h a ra c te r is t ic s .
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According to th is  model, the high-angle north-south-trend ing fa u l t  
which narks the eastern extent o f  the volcanic rocks could also mark 
the eastern margin o f  a down-dropped in traca ldera  block (Figure 27).
This zone o f  weakness was then la te r  u t i l iz e d  during emplacement o f  the 
subvolcanic p lu ton , as discussed in Chapter IV. The northern margin o f 
the subsided block could be represented by the postulated f a u l t  along 
Nez Perce Creek. Another possible loca tion  fo r  the northern margin is  
the east-west l in e  delineated by Castle Rock and i t s  re la ted dikes; 
s im i la r  quartz porphyry stocks and plugs mark the r in g - f ra c tu re  zone in 
the S i lve r to n  caldera (Smith and Ba iley , 1968). However, there is  no 
evidence fo r  f a u l t  displacement o f  the volcanic rocks north o f  Castle 
Rock Ridge re la t iv e  to those south o f  the ridge. The southern boundary 
o f  the subsided block could be placed along the postulated Blue Jo in t 
Creek f a u l t .  The hingeline would therefore  be located along a more-or- 
less north -south  l in e  approximately co incident w ith  the Montana-Idaho 
d iv ide  and the western l im i t  o f  vo lcanic rocks. Steep H i l l ,  located 
on the d iv id e  approximately 3.5 km southwest o f  the study area, consists 
o f  and e s it ic  flows and breccias cut by an in tru s iv e  p o rp h y r it ic  
rh y o l i te .  Apparent dikes o f  th is  rh y o l i te  underlie  the state d iv ide 
ridge f o r  2.5 km north and 3 km southwest o f  Steep H i l l  i t s e l f ,  and 
could represent r in g  dikes intruded along a bounding fra c tu re .
According to  th is  model, the postulated fa u lts  along Nez Perce and 
Blue J o in t  creeks would be Eocene s truc tu res . Possible syn-eruptive
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Figure 27. Sketch map o f  Model I I  caldera.
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subsidence along these and the east-boundary fa u l t  would have resulted 
in  a g rea te r th ickness o f  vo lcanic rocks w ith in  the centra l block. 
Extensive post-Eocene erosion would have stripped away the qua rtz ite  
and vo lcan ic  rock cover in  most places, exposing the g ran ite  pluton.
The sequence o f  events in  Model I I  can be stated in terms o f 
Smith and B a ile y 's  (1968) seven-stage caldera cycle (Figure 28):
( I )  regional tumescence.
( I I )  emplacement o f  volcanic rocks o f  the T l f ,  Tmf, T t ,  and lower 
pa rt o f  the Tvc u n i t ;  the source o f  the lava flows and ash-flow tu f f s  
could be the vents and f issu res  now occupied by the rh y o l i te  o f  Castle 
Rock, o r  o ther frac tu res  now buried beneath the volcanic rocks.
( I I I )  t rapdoo r-s ty le  collapse o f  the in traca ldera  block.
(IV) post-co l lapse sedimentation represented by the e p ic la s t ic  
deposits o f  the Ttc u n i t ,  accompanied by minor volcanism to  form the 
upper pa rt  o f  the Tvc u n it .
(V) resurgent doming would not be expected in a caldera o f  th is  
size (Smith and Ba iley , 1968; Steven and Lipman, 1976).
(VI) r in g - f ra c tu re  volcanism is  represented by in trus ion  o f  the 
rh y o l i te  o f  Castle Rock and possib ly the rh y o l i te  o f  Steep H i l l .  At 
about the same tim e, the subvolcanic pluton rose in to  the roots o f  the 
vo lcanic sequence, stoping several b locksof volcanic and q u a rtz ite
roo f in  the process.
(V I I )  term inal hot springs a c t i v i t y  is  ind icated by two outcrops 
in  the area; widespread hydrogen metasomatism probably began during 
stage VI.
1) STAGES 1 -  n 2 ) STAGE m
3) STAGE rz 4) STAGES Z - Z H
•
Figure 28. Stages in the evolution o f Model I I  caldera, seen in cross section along l in e  B—8 ‘ ; 
scale and l i th o lo g y  symbols same as in Figure 27.
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There are three main problems w ith  th is  model. The f i r s t  is  the 
apparent absence o f  a monoclinal hinge s truc tu re  on the western margin 
o f  the proposed caldera. Bedding a t t i tu d e s  w ith in  the study area as a 
whole are variab le  (P late 1) and show no general eastward t i l t ,  as would 
be expected i f  subsidence and t i l t i n g  o f  the central block had 
occurred a f te r  volcanism. However, i f  subsidence and volcanism had 
been concurrent, the evidence o f  t i l t i n g  would be considerably obscured.
The second problem concerns the nature o f  the volcanic l i th o lo g ie s  
themselves. Caldera co llapse, on whatever scale, is  almost always 
accompanied by eruptions o f  p y roc las t ic  material (Steven and Lipman, 
1976; Smith and B a iley , 1968; Chapin and Elston, 1979). In con tras t, 
the vo lcanic rocks w ith in  the study area are p r im a r i ly  lava flows, 
w ith  on ly subordinate p y roc las t ic  deposits (Chapter I I ) .  Such a 
balance might be achieved in a r e la t iv e ly  lo w -v o la t i le  e rup tion , per­
haps one occurring e a r ly  in  a regional volcanic episode (Smith, 1979; 
Cunningham and Steven, 1979). Within the study area, most pumice 
fragments are found in e p ic la s t ic  un its  which occur high in the section; 
these could have been carried  In from o u t ly in g  areas which were under­
going more explosive vo lcanic a c t iv i t y .
The th i r d  problem w ith  th is  model is  the absence o f  recognizable 
ca ldera-co llapse breccias ( c . f . : Lipman, 1976). In the study area 
these breccias would consis t almost e n t i r e ly  o f  blocks o f  the q u a rtz ite  
country rocks, plus any volcanic rocks erupted p r io r  to caldera collapse
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The ir  apparent absence might simply be due to inadequate outcrop ex­
posure. North o f  Castle Rock Ridge, the r is in g  gran ite  body may have 
stoped the lower part o f  the volcanic sequence, inc lud ing  megabreccias, 
i f  present.
A possib le compromise o f  sorts  between models I and I I  might also 
be suggested. The Red H i l l  caldera o f  southwestern Utah appears to 
have formed above one o f  a number o f  small cupolas s ituated above a 
shallow g r a n i t ic  pluton (Cunningham and Steven, 1979). For the most 
p a r t ,  magma was released e p iso d ica lly  as lava flows and ash-flow tu f f s  
issu ing  from a number o f  vents; only in the case o f  the Red H i l l  
caldera d id  pressures in the magma bu ild  s u f f ic ie n t ly  to produce an 
explosive eruption . Perhaps the area between the Montana-Idaho d iv ide 
and the east side o f  Painted Rocks Lake presents a s im ila r  s i tu a t io n .  
Repeated escape o f  magma through frac tu res  in  a th in  qu a rtz ite  roof 
could re s u l t  in the types o f  l i th o lo g ie s  and structures observed. 
Caldera-collapse would thus be due more to passive foundering o f  a 
number o f  in d iv id u a l roof-zone blocks, ra the r than to a s ing le  cata­
s troph ic  explosion.
Summary
This study has described the petrography, whole-rock chemistry, 
and s t ru c tu ra l  re la t ionsh ips  o f  an Eocene volcano-p lutonic assemblage.
I have used these basic data to  suggest models fo r  the evo lu tion o f 
th is  sequence, using as a framework the seven-stage caldera cycle o f
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Smith and Bailey (1968). The present study is  in  many ways a re­
connaissance one, and leaves ample room fo r  fu r th e r  related in v e s t i ­
gations. These might inc lude: (1) searching fo r  the remains o f  a 
s t ru c tu ra l  caldera margin, and fo r  breccias produced by caldera-co llapse;
(2) a d d it io n a l rad iom etric  dating o f  the extrusive and in trus ive  
rocks; (3) studies o f  the a l te ra t io n  mineralogy, including iso top ic  
stud ies o f  the hydrothermal f lu id s ;  (4) de ta iled  regional mapping o f  
the vo lcan ic  rocks east o f  the study area w ith  the idea o f  id e n t i fy in g  
an in t ra -c a ld e ra  fa c ie s ; (5) de ta iled  s tra t ig ra p h ie  stud ies, both 
chemical ( c . f . :  H i ld re th ,  1979) and l i t h o lo g ie ,  to e lucidate the 
v a r ia t io n s  w ith  time o f  the erupted m a te r ia l;  and (6) trace-element 
stud ies o f  the vo lcanic and in t ru s iv e  l i th o lo g ie s  to substantiate or 
re fu te  the claim o f  t h e i r  comagmicity.
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